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Dynamic pile testing and one static load test was performed in accordance with ICT 
project R27-69, “Improved Design for Driven Piles Based on a Pile Load Test Program in 
Illinois,” under the direction of the principal investigator, Professor James Long. 
The objectives of this project are to (1) increase the maximum nominal required 
bearing that designers can specify to reduce the number and/or weight of piles, (2) decrease 
the difference between estimated and driven pile lengths to reduce cutoffs and splice 
lengths by development of local bias factors for predictive methods used in design, (3) 
increase reliance of pile setup to increase the factored resistance available to designers, (4) 
reduce the risk of pile driving damage during construction, and (5) increase the resistance 
factor (decrease in factor of safety) based on increased data and confidence from load tests 
in and near Illinois. 
Objective 1 was addressed by conducting a dynamic testing field study in which 45 
piles from 19 sites were testing using a Pile Driving Analyzer (PDA) to provide an estimate 
of capacity and stress at end of driving and at beginning of restrike. Comparisons of 
measured capacity and predicted capacity were made for several different predictive 
methods. Specific results are discussed below; in general, however, the agreement between 
measured and predicted capacity improved. The improvement is primarily due to restricting 
data to conditions relevant to current practice for driving piles for IDOT projects, as well as 
soil conditions representative of IDOT projects. 
Objective 2 was addressed by using NSPT values instead of (N1)60 values in the K-
IDOT method. A conversion factor was developed to convert calculated K-IDOT capacity to 
WSDOT capacity (accounting for method bias) to provide better agreement between 
predicted pile length and embedment length (QWSDOT = 0.87*QK-IDOT) observed in the field. 
Objective 3 setup distinguished on the basis of soil type and pile type separately to 
determine possible trends, and an estimate of rate of setup was developed using trend lines. 
The WSDOT method exhibits less scatter than shown in the previous study because setup 
for the current study is more representative of setup experienced in typical Illinois soils. 
Therefore, the resistance factor determined for the WSDOT method implicitly includes setup 
experienced by driven piles in Illinois. The coefficient of variation (COV) of the WSDOT 
method was reduced from 0.451 to 0.252 as determined in a previous study (ICT R27-24). 
Objective 4 was addressed by calculating stresses by wave equation analysis of 
piles (WEAP) and comparing results to PDA and CAPWAP (CAse Pile Wave Analysis 
Program) measurements. Additionally, a Simplified Stress Formula (SSF) was developed to 
allow a first-order approximation of stress without having to run a WEAP analysis. This 
method can potentially be used in conjunction with the WSDOT spreadsheet to provide field 
inspectors with a method for verifying capacity and to identify when pile driving requirements 
may overstress the pile.  Criteria specific to piles driven to rock was also developed to 
identify when there is a potential for overstressing. 
Objective 5 was addressed by conducting dynamic field testing, thereby increasing 
the dataset for pile foundations within Illinois that is specific to soil types and geology within 
Illinois. The resistance factor, φ, for WSDOT in this study was determined to be 0.62, which 
is larger than determined in the previous study (0.55). Some details were changed for the 
static method (K-IDOT) for determining pile capacity based on soil properties. The result 
was to decrease the COV from 0.525 to 0.492; however, because the bias also changed, 





Therefore, project deliverables can be categorized as (1) better prediction methods 
for stresses during driving, (2) better prediction methods for pile capacities using resistance 
factors for driven piling based on local calibrations that consider the effects of pile setups, 





CHAPTER 1  COLLECTION EFFORT AND DOCUMENTATION ........................................................ 1 
CHAPTER 2  PREDICTIVE METHODS ................................................................................................ 5 
2.1 Introduction ................................................................................................................................. 5 
2.2 Static Methods ............................................................................................................................ 6 
2.2.1 Introduction .......................................................................................................................... 6 
2.2.2 K-IDOT Method .................................................................................................................... 7 
2.2.3 Olson .................................................................................................................................... 9 
2.2.4 DRIVEN ............................................................................................................................... 10 
2.2.5 ICP Method ......................................................................................................................... 10 
2.3 Dynamic Formulas .................................................................................................................... 11 
2.3.1 FHWA-Gates ....................................................................................................................... 11 
2.3.2 UI-Gates Formula ............................................................................................................... 11 
2.2.3 WSDOT Formula ................................................................................................................ 12 
2.3.4 MnDOT ................................................................................................................................ 12 
2.4 Wave Equation .......................................................................................................................... 12 
2.5 Dynamic Testing ....................................................................................................................... 14 
2.5.1 PDA ..................................................................................................................................... 14 
2.5.2 CAPWAP ............................................................................................................................. 15 
CHAPTER 3  PERFORMANCE OF METHODS .................................................................................. 16 
3.1 Static Methods .......................................................................................................................... 18 
3.1.1 K-IDOT Method – Evaluating Method Performance by Soil Type ................................. 20 
3.2 Wave Equation .......................................................................................................................... 27 
3.3 Selected Dynamic Formulas .................................................................................................... 28 
3.4 Dynamic Testing ....................................................................................................................... 30 
3.5. Effect of SetuP ......................................................................................................................... 32 
3.6 Limitations ................................................................................................................................. 35 
3.7 Summary ................................................................................................................................... 36 
CHAPTER 4  DEVELOPMENT OF A SIMPLFIED STRESS FORMULA ........................................... 37 
4.1 Introduction ............................................................................................................................... 37 
4.2 Limitations ................................................................................................................................. 37 
4.3 Required Input .......................................................................................................................... 37 
4.4 Simplified Stress Method ......................................................................................................... 38 
4.4.1 Correction Factors ............................................................................................................ 39 
4.4.2 Detailed Discussion for Calculating Step 3 .................................................................... 40 
4.4.3 Simplified Stress Formula Applied to Dynamic Testing Case Studies ........................ 41 
CHAPTER 5  STRESSES DURING DRIVING ..................................................................................... 42 
5.1  Piles Driven to Rock ................................................................................................................ 47 
CHAPTER 6  SPECIAL CASES .......................................................................................................... 49 
6.1 Greenville .................................................................................................................................. 49 
6.1.1 Factor 1 ............................................................................................................................... 50 
6.1.2 Factor 2 ............................................................................................................................... 53 
6.2 Rockford .................................................................................................................................... 53 
6.3 East St. Louis (Hwy 15), Bloomington, and Freeport ............................................................ 56 
CHAPTER 7  DEVELOPMENT OF RESISTANCE FACTORS FOR LRFD ....................................... 62 
v 
 
7.1 Introduction ............................................................................................................................... 62 
7.2 FOSM ......................................................................................................................................... 62 
7.3 Calculated Resistance Factors ............................................................................................... 63 
CHAPTER 8  CONCLUSIONS ............................................................................................................. 68 
8.1 Static Capacity Methods .......................................................................................................... 68 
8.2 Dynamic Capacity and Wave Equation Methods .................................................................. 68 
8.3 Driving Stresses Methods ....................................................................................................... 68 
8.4 Pile Penetration —Predicted and Observed .......................................................................... 69 
8.5 Pile Setup .................................................................................................................................. 69 
8.6 Piles Driven to Rock ................................................................................................................. 70 
8.7 Special Cases ............................................................................................................................ 70 
REFERENCES ..................................................................................................................................... 72 
APPENDICES 
A: ICT METHOD ........................................................................................................................... A-1 
B: DERIVATION OF SIMPLIFIED STRESS FORMULA ............................................................. B-1 
C: REFERENCE FIGURES AND TABLES APPLIED IN STATIC METHODS ........................... C-1 
D: BORING LOG AND PILE DETAIL .......................................................................................... D-1 
E:  CAPACITY PROFILES: STATIC METHODS ......................................................................... E-1 
F: CAPACITY PROFILES: DYNAMIC FORUMULAS ................................................................. F-1 
G: PDA RECORDS (DAMPING, STRESS, CAPACITY) ............................................................. G-1 
H: CAPWAP ANALYSIS .............................................................................................................. H-1 
I:   STATISTICS CALCULATION PROCEDURE ........................................................................... I-1 
J:  ALTERNATIVE METHOD TO CALCULATE WSDOT CAPACITY FOR K-IDOT  




LIST OF FIGURES 
 
Figure 1-1. Distribution of pile sections tested. ....................................................................... 1 
Figure 1-2. Dynamic testing locations  (static load test at Chandlerville). ............................... 2 
Figure 1-3. Distribution of hammer types. ............................................................................... 3 
Figure 1-4. Distribution of pile-soil combinations for all sites. ................................................. 3 
Figure 1-5. Summary distribution: Soil conditions and pile selection. ..................................... 4 
Figure 2-1. Model simulating the hammer-pile-soil  system for one-dimensional wave 
equation (after Smith 1960). .................................................................................................. 13 
Figure 2-2. Example PDA record:  Force and velocity with time. .......................................... 15 
Figure 3-1. Statistics by pile and soil type: K-IDOT. .............................................................. 18 
Figure 3-2. Statistics by pile and soil type: DRIVEN. ............................................................ 19 
Figure 3-3. Statistics by pile and soil type: Olson. ................................................................ 19 
Figure 3-4. Statistics by pile and soil type: ICP. .................................................................... 20 
Figure 3-5. K-IDOT method performance vs.  percent till (% of embedment length). ........... 21 
Figure 3-6. K-IDOT method performance vs. percent clay (% of embedment length). ......... 21 
Figure 3-7. K-IDOT method performance vs.  percent sand (% of embedment length). ....... 22 
Figure 3-8. Evaluation of current practice:  Agreement between K-IDOT and WSDOT. ...... 23 
Figure 3-9. LP vs. LM: where LP = K-IDOT with (N1)60  (sorted by running/non-running). .... 25 
Figure 3-10. LP vs. LM: where LP = K-IDOT with NSPT  (sorted by running/non-running)..... 25 
Figure 3-11. LP vs. LM: where LP = K-IDOT with (N1)60  (sorted by pile and soil type). ....... 26 
Figure 3-12: LP vs. LM: where LP = K-IDOT with NSPT  (sorted by pile and soil type). ......... 26 
Figure 3-13. Statistics by pile and soil type: WEAP (EOD). .................................................. 28 
Figure 3-14. Statistics by pile and soil type: WEAP (BOR). .................................................. 28 
Figure 3-15. Statistics by pile and soil type: WSDOT. .......................................................... 29 
Figure 3-16. Statistics by pile and soil type: MnDOT. ........................................................... 30 
Figure 3-17. Statistics by pile and soil type: PDA (EOD). ..................................................... 31 
Figure 3-18. Statistics by pile and soil type: PDA (BOR). ..................................................... 31 
Figure 3-19.  Statistics by pile and soil type: CAPWAP (EOD). ............................................ 32 
Figure 3-20. Time effects by pile. .......................................................................................... 34 
Figure 3-21. Time effects by soil type. .................................................................................. 34 
Figure 3-22. Time effects by soil type with calculated trend lines. ........................................ 35 
Figure 5-1. stresses, EAP (EOD). ......................................................................................... 42 
Figure 5-2. Stresses, CAPWAP (EOD). ................................................................................ 43 
Figure 5-3. Stresses, SSF (EOD). ......................................................................................... 43 
Figure 5-4. Stresses, SSF (EOD); no piles driven to rock. .................................................... 44 
Figure 5-5. Stresses, WEAP (BOR). ..................................................................................... 44 
Figure 5-6. Stresses, PDA (BOR). ........................................................................................ 45 
Figure 5-7. Stresses, SSF (BOR). ......................................................................................... 45 
Figure 5-8. Stresses, SSF (BOR); no piles driven to rock. .................................................... 46 
Figure 6-1. Design drawings: Greenville plan view. .............................................................. 49 
vii 
 
Figure 6-2. Greenville SPT logs. ........................................................................................... 50 
Figure 6-3. Greenville UCS logs. .......................................................................................... 51 
Figure 6-4. SPT profiles: Design boring and average profile. ............................................... 51 
Figure 6-5. SPT profiles: New boring and design boring. ..................................................... 52 
Figure 6-6. UCS profiles: New boring and design boring. ..................................................... 52 
Figure 6-7. Greenville pile 13: Static and dynamic capacity. ................................................ 53 
Figure 6-8. Rockford h-pile #1: Static and dynamic resistance profiles. ............................... 55 
Figure 6-9. Rockford h-pile #2: Static and dynamic resistance profiles. ............................... 55 
Figure 6-10. Rockford shell: Static and dynamic resistance profiles. .................................... 56 
Figure 6-11. East St. Louis Hwy 15: Static and dynamic resistance profiles. ....................... 58 
Figure 6-12. Freeport, Pier 5: Static and dynamic resistance profiles. ................................. 59 






LIST OF TABLES 
Table 2-1. Summary of Capacity Methods Examined ............................................................. 5 
Table 2-2. Summary of Stress Methods Examined ................................................................. 6 
Table 2-3. Kinematic Correction  Factors for Side and Tip Resistance .................................. 8 
Table 3-1. Static Methods (Excludes Piles Driven to Rock) .................................................. 17 
Table 3-2. Dynamic Formulas (Excludes Piles Driven to Rock) ............................................ 17 
Table 3-3. Wave Equation and Dynamic Testing (Excludes Piles Driven to Rock) .............. 17 
Table 3-4. K-IDOT Length Prediction  Statistics (All Piles, Including Piles to Rock) ............. 23 
Table 3-5. K-IDOT Length Prediction  Statistics (All Piles, Excluding Piles to Rock) ............ 24 
Table3-6. K-IDOT Length Prediction ..................................................................................... 24 
Table3-7. K-IDOT Length Prediction  Statistics (Non-Running Pile Sites) ............................ 24 
Table 3-8. Pile Setup (Freeze) Summary Statistics (QBOR/QEOD) .......................................... 33 
Table 3-9. Setup Ratio from Trend Lines vs. Field Testing Results ...................................... 35 
Table 4-1. Summary Statistics for  Piles Driven with ICE Hammers* ................................... 41 
Table 5-1. Driving Stresses: All Piles .................................................................................... 46 
Table 5-2. Driving Stresses: All H-Piles ................................................................................ 46 
Table 5-3. Driving Stresses: All Shell Piles ........................................................................... 46 
Table 5-4. Driving Stresses: All Piles (Piles Driven to Rock Excluded) ................................ 47 
Table 5-5. Driving Stresses: All H-Piles (Piles Driven to Rock Excluded) ............................. 47 
Table 5-6. Driving Stresses: All Shell Piles (Piles Driven to Rock Excluded) ....................... 47 
Table 7-1. Calculated Resistance Factors:  Static Methods (Piles Driven to  
                 Rock Excluded) .................................................................................................... 64 
Table 7-2. Calculated Resistance Factors:  Dynamic Methods (Piles Driven to  
                 Rock Excluded) .................................................................................................... 64 
Table 7-3. Calculated Resistance Factors:  Restrike Analysis* (Piles Driven to  
                 Rock Excluded) .................................................................................................... 65 
Table 7-4. Calculated Resistance Factors: Wave  Equation Analysis (Piles Driven to  
                 Rock Excluded) .................................................................................................... 65 
Table 7-5. Calculated Resistance Factors:  Dynamic Testing (Piles Driven to Rock 
                 Excluded) ............................................................................................................. 66 
Table 7-6. Summary of Calculated Resistance Factors ........................................................ 66 



















kes) with a r














ange of 1 to
ntractor’s sc
d the size o
cter of the d
ining distri



















ed at 19 si
rville (site na





















ty of tests a
 sections te
UMENTA
 and a sing
er Sangam
ncluded 3 p











iles (6 tests 
ation is a 
ng due to 
ber of piles
m can be 
ugh 1-5). Th
Tests were 











Figure 1-2. Dynamic testing locations  
(static load test at Chandlerville). 
 
A total 45 piles were tested: 26 shell piles and 19 h-piles. Shell piles are pipe piles 
with a metal plate welded at the tip to form a closed end. All piles driven to rock were h-
piles: 4 piles from the Piasa Creek site and 3 piles from the Plymouth site. The total number 
of piles included in the capacity statistics are 44 (not 45) due to the exclusion of one pile 
(test pile #13 at Greenville [2 valid tests remain]) because a sensor malfunctioned in one of 
the strain gauges. Therefore, the number of piles driven in soil profiles is 26 shell piles and 
19 h-piles. The total number of piles included in the length-predicted to length-measured 
statistics (LP/LM) is 45, as it was not necessary to exclude any piles. The predominant h-pile 
section was the HP 12 × 53 section, whereas the MS 14 × 0.25 (14-inch outside diameter 
and 0.25 wall thickness) was the most common shell pile tested (Figure 1-1). 
All piles were driven with open-ended diesel hammers from a total of 5 
manufacturers. Across all hammer manufacturers, a total of 12 different hammer models 
were used, the most common of which were the Delmag D19-32 and D19-42 (Figure 1-3). 
The distribution of pile type (h-pile and shell) driven into basic soil types (sand, clay, mixed) 
is shown in Figure 1-4. The clay soil profiles encountered at the sites were predominantly 
stiff clay. Metal shell piles driven into mixed soils accounted for 30% of the cases. H-piles 
driven into clay represented the fewest number of cases (4%) (Figure 1-4). The distribution 
of all piles driven into sand (36%) and mixed (49%) was significantly greater than piles 





























CHAPTER 2 PREDICTIVE METHODS 
 
2.1 INTRODUCTION 
Fourteen methods were used to calculate pile capacity in this study, which can be 
divided into four main categories: static methods, dynamic formulas, wave equation, and 
dynamic testing. Method categories are listed in order of increasing investigative effort and 
resources required.  
Static methods use data from a subsurface investigation (NSPT and su) to calculate 
side friction and end bearing, the sum of which is equal to total capacity. Dynamic formulas 
and wave equation rely on end of driving (EOD) field data, specifically, pile penetration 
resistance [bpi] and hammer stroke [ft] to calculate total capacity. Dynamic formulas are 
empirically based and relate hammer energy imparted to the pile and pile-driving resistance 
to static capacity. WEAP simulates the driving process by modeling the hammer system and 
soil resistance and relates pile capacity and pile stress to hammer energy and pile 
resistance. Dynamic testing is defined in this study as pile monitoring using a Pile Driving 
Analyzer (PDA) to record pile acceleration and stress-time histories for each hammer 
impact. PDA static capacity is calculated in real-time during pile driving using the Case 
method, which assumes a homogeneous soil profile with damping constant, Jc. Additional 
refinement of PDA capacity is achieved by performing a CAPWAP analysis (CAse Pile 
Wave Analysis Program). CAPWAP analysis employs signal matching between a calculated 
theoretical response (stress wave propagation for each hammer impact) and the measured 
response spectra in an iterative process to converge to a solution. The CAPWAP series of 
equations is underdetermined (more unknowns than equations), resulting in a non-unique 
solution, and therefore requires engineering judgment to verify the solution. 
Methods investigated for determining pile capacity are listed in Table 2-1. The 
methods are organized by design stage in order of increasing investigative effort. 
 
Table 2-1. Summary of Capacity Methods Examined 
Design Stage Method Type Required Input Methods Reviewed 
Initial Design Static soil boring, pile type, nominal required bearing (NRB) 
ICP, Olson, K-IDOT, 
DRIVEN 




Validation Wave Equation 
stroke, penetration resistance (bpi), 
hammer system, pile data 
(type/length/penetration), resistance 
distribution 
WEAP (EOD, BOR) 
Construction/ 
Validation Dynamic Testing 
hammer system, pile data 
(type/length/distance below sensors), 
damping factor 
PDA (EOD, BOR),  
CAPWAP (EOD, BOR) 
 
Estimates for stress in the pile due to driving can be made with WEAP, PDA, and 
CAPWAP.  Static methods and dynamic formulas do not provide a means to estimate 
stresses. A summary of methods investigated for predictions and measuring driving stresses 






Table 2-2. Summary of Stress Methods Examined 
Design Stage Method Type Required Input Methods Reviewed 
Initial Design Wave Equation 
nominal required bearing (NRB), 
hammer system, pile data 
(type/length/penetration), resistance 
distribution 
WEAP (EOD, BOR) 
Construction/ 
Validation 
U of I Simplified 
Stress Formula 
Hammer system properties, pile 
properties, proportion of side 
resistance, field observed set and 
stroke 
U of I Simplified Stress 
Formula 
Construction/ 
Validation Dynamic Testing 
hammer system, pile data 
(type/length/distance below sensors), 
damping factor 
PDA (EOD, BOR),  
CAPWAP (EOD, BOR) 
 
 
2.2 STATIC METHODS 
2.2.1 Introduction 
Static methods are used during initial design to calculate pile capacity, which is a 
summation of side and end bearing resistance (Equation {2.1}). Static methods calculate a 
unit side resistance per soil layer and unit end bearing resistance at the pile toe. End 
bearing unit resistance is multiplied by the end area (or area of controlling failure mode) to 
calculate total end bearing (Equation {2.2}). Side resistance per unit area is multiplied by the 
pile perimeter (or the perimeter of the controlling failure mode) and layer thickness and 
summed over all layers to calculate total side resistance (Equation {2.3}). Static capacity is 
therefore proportional to the surface area of the pile (when not controlled by the failure 
mode; see K-IDOT plugged/unplugged discussion), which is a function of the pile length and 
selected section size. Consequently, static methods are used to select the most economical 
pile section and length combination for the foundation system.  
The ultimate capacity, Qu, of a pile under axial load is generally accepted to be equal 
to the sum of the net pile tip capacity, Qp, and the shaft capacity, Qs: 
 u p sQ Q Q     {2.1} 
 
These terms can be further broken down and defined as follows:  






s si i i
i
Q f C l

   {2.3} 
  
where  
qp  =  net bearing capacity of pile tip  
Ap  =  area of pile tip 
fsi  =  ultimate skin resistance per unit area of pile shaft segment i 
Ci  =  perimeter of pile segment i 
li  =  length of pile segment i 




Thus, evaluating the ultimate pile capacity, Qu, reduces to estimating the magnitude 
of fs for each pile segment and qp at the pile tip. A number of methods are available for 
evaluating the ultimate pile capacity, most of which are based on empirical methods derived 
from correlations of measured pile capacity with soil data. One method is described in the 
following section.  
The static methods examined in this study are the Kinematic IDOT method (K-IDOT), 
DRIVEN, Olson, and ICP method. The K-IDOT method applies kinematic correction factors 
accounting for pile type (shell or HP) and dominant soil type along embedment length 
(granular or cohesive). The K-IDOT method is presented and developed in ICT report R27-
24. The static methods examined in this study calculate pile capacity from SPT N-values 
and undrained shear strength measurements. 
 
2.2.2 K-IDOT Method 
IDOT currently uses the K-IDOT method to estimate the capacity of a pile (Long et 
al. 2009). The user inputs information based on the soil profile and pile type to determine 
pile capacity. Specifically, for each layer of the soil profile, the user must input the layer 
thickness, soil type (either hard till, very fine silty sand, fine sand, medium sand, clean 
medium to coarse sand, or sandy gravel), the SPT N-value, and, if applicable, the undrained 
shear strength. The total pile capacity is determined as the sum of the base capacity and 
side capacity. 
For granular (cohesionless) soils, the unit base capacity is determined as 
  p b lq  0.8 N D / D qSPT     {2.4} 
 
where 
NSPT  =  SPT N-value as measured in the field and indicated on log [dimensionless] 
Db  = depth from the ground surface to the pile tip [ft] 
D  = pile diameter [ft] 
qp  = unit base capacity [kips/ft2] 
ql  = limiting unit base capacity [kips/ft2] 
 
where 
ql  =  8 · NSPT  for sands and gravel 
ql  =  8 · NSPT  for fine silty sand and hard till 
  
qp is multiplied by the area of the base of the pile to determine the pile’s base capacity. For 
cohesive soils, the unit base capacity is determined based on the undrained shear strength 
as 
 p uq  4.5 q   {2.5} 
 
where qu is the unconfined compressive strength [tsf]. The unit base capacity, qp, is 
multiplied by the area of the base of the pile to determine the pile’s base capacity. 
 
The side capacity of a pile is determined on a layer-by-layer basis. For a granular 
soil, the unit side capacity is determined based on the soil type and the N-value input. The 
formulas used are empirical. There are 17 different formulas used to determine the unit side 
capacity of a granular soil, depending on the soil type and NSPT value of the soil. For 
cohesive soils, the unit side resistance is based on Qu. Depending on the value of Qu, one of 
four empirical formulas is used. Also, for very stiff soils (Qu > 3 tsf and N > 30), the soil is 
treated as a granular soil with the hard till soil type.  
8 
 
The K-IDOT method applies an empirical correction factor determined for the 
combination of pile type and dominant soil type along the embedment length. For 
displacement piles (closed-ended shell piles, precast concrete piles, timber piles) and non-
displacement piles (h-piles, open shell piles) capacity is calculated as follows: 
  N S S SAp P P Pp GR F q A F q A I    {2.6} 
 
and displacement piles (closed-ended shell piles) capacity is calculated as follows: 
  N S S SAu P p Pu GR F q A F q A I    {2.7} 
where 
Fs  = pile type correction factor for side resistance (see Table 2-3 for value) 
[dimensionless] 
Fp  = pile type correction factor for tip resistance (see Table 2-3 for value) 
[dimensionless] 
ASAu  = unplugged surface area (4 × flange width + 2 × member depth) × pile length [ft2]  
ASAp  = plugged surface area (2 × flange width + 2 × member depth) × pile length [ft2] 
APu  = cross-sectional area of steel member [ft2] 
APp  = flange width × member depth [ft2] 
IG  = bias factor ratio (1.04) [dimensionless] 
 
 
Table 2-3. Kinematic Correction  
Factors for Side and Tip Resistance 
  Fs Fp 
Displacement Piles 
cohesionless 0.758 0.758 
cohesive 1.174 1.174 
rock NA NA 
Non-displacement Piles 
cohesionless 0.15 0.3 
cohesive 0.75 1.5 
rock 1 1.0 
 
 
The K-IDOT method calculates the plugged and unplugged capacity (for both side 
and end bearing) on a per-layer basis for non-displacement piles (i.e., h-piles). The pile 
capacity for a given length of embedment is the minimum of the plugged or unplugged 
condition of the entire pile.  
To facilitate the use of the K-IDOT method, a spreadsheet was created by IDOT and 
circulated to the public as “Estimating Pile Length” on the IDOT Bridges and Structures – 
Foundations and Geotechnical Unit website. The K-IDOT method and spreadsheet are 
discussed in AGMU Memo 10.2 – Geotechnical Pile Design. Note that all references to 
(N1)60 in AGMU Memo 10.2 should be NSPT. The current values for kinematic factors (FS and 






Olson’s method is based on SPT N-values for coarse-grained soils and on su values 
for fine-grained soils (Long et al. 2009). It was developed using load tests on closed-ended 
pipe piles. The general form of the equation is: 
 u p p s saQ q A f A   {2.8} 
where 
Qu  =  ultimate pile capacity 
qp  =  nominal unit end bearing resistance 
Ap  =  area of pile tip 
fs  =  ultimate skin resistance per unit area of pile shaft segment 
Asa  =  surface area of pile 
 
For coarse-grained soils, unit side resistance is determined using: 
 lim' tans v sf K f    {2.9} 
where 
fs  =  unit side resistance 
σ'v  =  vertical effective stress 
K  =  horizontal earth pressure coefficient 
tan δ  =  tangent of pile-soil interface friction angle 
fs lim  =  limiting side resistance 
 
For this study, K = 0.8, while δ and fs lim are determined based on NSPT.  
 
Unit end bearing capacity is determined using: 
 lim'p v q pq N q   {2.10} 
where 
qp  =  unit end bearing pressure 
σ'v =  vertical effective stress 
Nq  =  end bearing capacity factor 
qp lim  =  limiting end bearing pressure 
Nq  =  determined from NSPT 
qp lim  =  determined from NSPT 
 
For fine-grained soils, unit side resistance is determined using: 
 s uf s  {2.11} 
where 
fs  =  unit side resistance 
su  =  average undrained shear strength of the soil along the side of the pile 
α  =  factor based on su  
 
Unit end bearing pressure is determined using: 
 9p uq s  {2.12} 
where 
qp  =  unit end bearing pressure 
su  =  average undrained shear strength of the soil along the side of the pile 
 
Values for Olson’s granular soil parameters are shown in Table C-1. For fine-grained 




DRIVEN is a computer program available through the FHWA. The user inputs a soil 
profile along with soil properties such as unit weight, friction angle, and undrained shear 
strength. The pile geometry is also input. Based on these user inputs, DRIVEN estimates 
the capacity of the pile. 
The capacity of a pile in DRIVEN is computed as the sum of the base and side 
capacities (Long et al. 2009). The base capacity of a pile is estimated based on whether the 
soil is a sand or clay. If a soil is cohesionless, DRIVEN determines the base capacity using 
the following formula, after Thurman (1964): 
 ' 'b pQ  A Nvo q   {2.13} 
 
where Ap is the area of the base of the pile, σvo' is the effective vertical stress at the tip of the 
pile, α is a correction factor based on φ and the depth/width ratio of the pile (Figure C-2), and 
Nq' is a bearing capacity factor based on φ (Figure C-2). There is a maximum value for the 
unit base resistance which is based on Meyerhof’s (1976) recommendations (Figure C-3).  
If the tip of the pile bears on a cohesive layer, the base capacity is determined as: 
 b u pQ  9s A  {2.14} 
 
where su is the undrained shear strength of the soil at the pile tip.  
 
When h-piles are analyzed, no attempt is made to determine whether the pile is 
plugged or unplugged. Instead, the conservative approach of using the cross-sectional steel 
area of the pile is employed when determining Ap.  
The side capacity of a pile is determined on a layer-by-layer basis, and different 
formulas are used depending on whether the layer is cohesive or cohesionless. For a 
cohesionless soil, DRIVEN uses a formula based on Nordlund (1963, 1979). The unit side 
capacity of the pile is determined by: 
  's ff  K C sinvo    {2.15} 
 
where δ is the pile-soil interface friction angle; Kδ is the coefficient of lateral earth pressure 
against the pile, determined as a function of pile size and φ (Figure C-4); and Cf is a 
correction to Kδ when φ   δ (Figures C-5 and C-6). The total side capacity is then 
determined by integrating fs along the surface area of the pile.  
When determining the surface area of an h-pile, in both cohesive and cohesionless 
soils, the conservative approach of using the boxed area of the pile is employed. There is no 
maximum value of skin friction applied when computing pile capacity. Thus, at large values 
of φ, the unit side capacity becomes unreasonably large. A maximum value of φ = 36° is 
used in this study. This is based on the DRIVEN recommendation that values of φ greater 
than 36° not be used (although it will allow use of values of φ that are greater than 36°). 
When a cohesive layer is being considered, the unit side resistance is determined 
using Tomlinson’s (1980) α-method in which  
 s uf s   {2.16} 
 
where α is an empirical adhesion coefficient (Figure C-7). 
 
2.2.5 ICP Method 
The Imperial College Pile (ICP) method (Jardine et al. 2005) is implemented in a 
spreadsheet with necessary assumptions and correlations for use with available subsurface 
information and United States standard practice (developed and presented in the report for 
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ICT project R27-24) (Long et al. 2009). Correlations are necessary because the ICP method 
requires soil parameters that are not typically determined in routine subsurface explorations. 
Additionally, the ICP method is based on a cone penetration test (CPT), while the typical 
subsurface profiling method in the United States is the standard penetration test (SPT). 
Conversion between SPT and CPT is performed using the Burland and Burbidge (1985) 
correlation. Piles that develop end bearing in clay are treated separately in the ICP method, 
depending on whether loading is drained or undrained; for this study, however, undrained 
behavior was assumed because it provides a more conservative estimate of static capacity. 
A complete description of the ICP method and the spreadsheet are presented in Appendix 
A. 
 
2.3 DYNAMIC FORMULAS 
Four dynamic formulas were examined for predicting pile capacity. These methods 
use data recorded during the driving of a pile to determine its capacity. The most important 
parameters for these methods are the energy delivered to the pile due to the weight and 
drop of the pile hammer and the number of blows to drive the pile a given distance at the 
end of driving.  
Several dynamic methods are considered in this study. They are the Washington 
State DOT formula (WSDOT), the Minnesota State DOT formula (MnDOT), the FHWA-
Gates formula, and the University of Illinois modified FHWA-Gates formula (UI-Gates, in 
previous studies referred to as FHWA-UI). 
The original Gates dynamic formula (Gates 1957) is: 
  10(6 / 7) loguQ eE s  {2.17} 
 
where Qu = ultimate pile capacity (kips), E = energy of pile driving hammer (ft-lb), e = 
efficiency of hammer (0.75 for drop hammers and 0.85 for all other hammers, or efficiency 
given by manufacturer), and s = pile set per blow (inches). A factor of safety equal to 3 is 
recommended by Gates (Gates 1957) to determine the allowable bearing capacity.  
 
2.3.1 FHWA-Gates 
The Federal Highway Administration has modified Gates’ original equation and 
recommends the following (Hannigan et al. 1997): 
  1.75 log 10 100uQ WH N   {2.18} 
 
where Qu = ultimate pile capacity in kips, W = weight of hammer in pounds, H = drop of 
hammer in feet, and N = driving resistance in blows per inch.  
 
2.3.2 UI-Gates Formula 
Based on a study performed for the Wisconsin Department of Transportation, Long 
et al. (2009) developed corrections to the FHWA-Gates formula using an overall correction, 
a hammer correction, a soil type correction, and a pile type correction. This formula was 
referred to as FHWA-UI formula in previous reports. The formula is applicable only to piles 
with capacities less than 750 kips. The UI-Gates formula is: 
 u FHWA Gates o H S PQ  Q F F F F      {2.19} 
 
where the correction factors are as follows: 
 
Fo – Overall adjustment factor 
 Fo = 0.94 
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FS – Adjustment factor for soil type 
 FS = 1.00 Mixed soil profile 
 FS = 0.87 Sand soil profile 
 FS = 1.20 Clay soil profile 
FP – Adjustment factor for pile type 
 FP = 1.00 Closed-ended pipe (CEP) 
 FP = 1.02 Open-ended pipe (OEP) 
 FP = 0.80 H-pile (HP) 
FH – Adjustment factor for hammer type 
 FH = 1.00 Open-ended diesel (OED) 
 FH = 0.84 Closed-ended diesel (CED) 
 FH = 1.16 Air/steam, single acting 
 FH = 1.01 Air/steam, double acting 
 FH = 1.00 Hydraulic (truly unknown) 
 
2.2.3 WSDOT Formula 
The State of Washington uses the following formula (Allen 2005) to determine pile 
capacity: 
 6.6 ln(10 )n effR F WH N  {2.20} 
 
where 
Rn  =  ultimate pile capacity [kips] 
Feff  =  hammer efficiency factor based on hammer and pile type 
W  =  weight of hammer [kips] 
H  =  drop of hammer [ft] 
N  =  average penetration resistance [blows per inch].  
 
The hammer efficiency factor, Feff = 0.55 for air/steam hammers with all pile types, 
Feff = 0.37 for open-ended diesel hammers with concrete or timber piles, Feff = 0.47 for open-
ended diesel hammers with steel piles, and Feff = 0.35 for closed-ended diesel hammers 
with all pile types. This formula is used currently (2012) by IDOT for end of driving (EOD) 
capacity verification.  
 
2.3.4 MnDOT 
The state of Minnesota developed the following formula (Paikowsky et al. 2009) to 
determine pile capacity: 
  35 *log 10*u hR E N  {2.21} 
 
where 
Ru  =  predicted pile capacity [kips] 
Eh  =  rated hammer energy = H * W [kips*ft] 
N  =  penetration resistance [blows/in] at the end of driving (EOD). 
 
2.4 WAVE EQUATION 
Wave equation analyses use the one-dimensional wave equation to estimate pile 
stresses and pile capacity during driving (Goble and Rausche 1986). Isaacs (1931) first 
suggested that the one-dimensional wave equation analyses can model the hammer-pile-
soil system more accurately than dynamic formulas based on Newtonian mechanics. 
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Wave equation analyses model the pile hammer, pile, and soil resistance as a 
discrete set of masses, springs, and viscous dashpots. Smith's (1960) discrete model for the 




Figure 2-1. Model simulating the hammer-pile-soil  
system for one-dimensional wave equation (after Smith 1960). 
 
A finite difference method is used to model the stress wave through the hammer-pile-









     {2.22} 
where  
Ep =  modulus of elasticity 
u  =  axial displacement of the pile 
x  =  distance along axis of pile 
Sp  =  pile circumference 
Ap  =  pile area 
fs  =  frictional stress along the pile 
b  =  unit density of the pile material 
t  =  time 
 
Wave equation analyses may be conducted before piles are driven to assess the 
behavior expected for the hammer-pile selection (PDI 2005). Wave equation analyses 
provide a rational means to evaluate the effect of change in pile properties or pile driving 
systems on pile driving behavior and driving stresses (FHWA 1995). Furthermore, better 
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estimates of pile capacity and pile behavior have been reported if the field measurement of 
energy delivered to the pile is used as direct input into the analyses (FHWA 1995; Long and 
Maniaci 2000). 
 
2.5 DYNAMIC TESTING 
2.5.1 PDA 
The PDA method is a procedure for determining pile capacity based on the temporal 
variation of pile head force and velocity. The PDA monitors instrumentation attached to the 
pile head, and measurements of strain and acceleration are recorded versus time. Strain 
measurements are converted to pile force, and acceleration measurements are converted to 
velocities. A simple dynamic model (Case model) is applied to estimate the pile capacity. 
The calculations for the Case model are simple enough for static pile capacity to be 
estimated during pile driving operations. Several versions of the Case method exist, and 
each method will yield a different static capacity. A more detailed presentation of Case 
methods is presented by Hannigan (1990). 
PDA measurements are used to estimate total pile capacity as:  
  1 1 2 / 1 1 2 /2 2T T L cTL T T L c




    {2.23} 
 
where  
RTL  =  total pile resistance 
FT1  =  measured force at the time T1 
FT1+2L/c =  measured force at the time T1 plus 2L/c 
VT1  =  measured velocity at the time T1 
VT1+2L/c =  measured velocity at the time T1 plus 2L/c 
L  =  length of the pile 
c  =  speed of wave propagation in the pile 
M  =  pile mass per unit length 
 
The value 2L/c is the time required for a wave to travel to the pile tip and back. Terms for 
force and velocity are illustrated in Figure 2-2. The total pile resistance, RTL, includes a static 
and dynamic component of resistance. Therefore, the total pile resistance is:  
 TL static dynamicR R R   {2.24} 
  
where Rstatic is the static resistance and Rdynamic is the dynamic resistance. The dynamic 
resistance is assumed viscous and therefore is velocity dependent. The dynamic resistance 




  {2.25} 
 
where J is the Case damping constant and Vtoe is the velocity at the toe of the pile. The 
velocity at the toe of the pile can be estimated from PDA measurements of force and 




F RV V Mc
L
   {2.26} 
  
Substituting Equations {2.25} and {2.26} into Equation {2.24} and rearranging terms results 
in the expression for static load capacity of the pile as:  
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 1 1static TL T T TL
McR R J V F R
L
        {2.27} 
 
The calculated value of RTL can vary depending on the selection of T1. T1 can occur at 
some time after initial impact:  
 1T TP    {2.28} 
 
where TP = time of impact peak and  = time delay. The two most common Case methods 
are the RSP method and the RMX method. The RSP method uses the time of impact as T1 
(corresponds to  = 0 in Equation {2.28}). The RMX method varies  to obtain the maximum 
value of Rstatic. The RMX method is recommended over the RSP method (PDA-W User’s 
Manual; PDI 2004) and was used throughout this study. 
 
 
Figure 2-2. Example PDA record:  




CAPWAP employs PDA measurements obtained during driving with the more 
realistic modeling capabilities of WEAP to estimate ultimate capacity. The method uses the 
acceleration history measured at the top of the pile as a boundary condition for WEAP 
analyses. The result of the analyses is a predicted force versus time response at the top of 
the pile. Comparison of predicted and measured force response allows the user to 
determine the accuracy of the wave equation model, and model parameters are modified 
until the measured and predicted force versus time plots are in close agreement. 
This approach requires more time because iterations with operator intervention are 




CHAPTER 3 PERFORMANCE OF METHODS 
 
The capacity methods analyzed can be grouped into the categories of static 
methods, wave equation, dynamic methods, and dynamic testing and are discussed in 
sections 3.1 to 3.4 respectively. The effect of setup and setup rate is quantified in section 
3.5 for pile types (h-pile and shell) and the dominant soil type present in a soil profile (sand, 
mixed, clay). Additional analysis is performed on the K-IDOT method in Section 3.1.1 to 
determine bias due to the amount a given soil type in the soil profile. The performance of the 
K-IDOT method to estimate pile length is examined in Section 3.1.1.2. A relationship was 
derived (using two different approaches to be selected, depending on the data available to 
the user) to estimate WSDOT capacity from K-IDOT capacity to improve agreement 
between K-IDOT predicted capacity and WSDOT capacity.  
The primary goals of the dynamic testing program are to provide measured values 
for capacity and stress at end of driving and beginning of restrike. These measurements 
serve as the basis of comparison for evaluating the static, dynamic, and wave equation 
capacity calculations. Stress predictions are obtained using a wave equation analysis 
performed by the GRL WEAP software program, and comparisons are made to dynamic 
testing measurements from the Pile Driving Analyzer (PDA) and signal matching analysis of 
PDA records using the CAse Pile Wave Analysis Program (CAPWAP). The performance of 
a method is expressed as the average ratio of measured to predicted capacity or stress and 
is denoted with the symbol λ. The average ratio of predicted to measured is denoted with 
the symbol μ. Additionally, comparisons can be made on the advantages of end of driving 
(EOD) or beginning of restrike (BOR) data for capacity (dynamic formulas) and stress 
prediction. 
The performance of a method is quantified statistically with the following parameters: 
 























       {3.2} 
 
where QP = predicted value (capacity or stress) and QM = measured value (capacity or 
stress) for the method being analyzed for each pile (n = number of piles). The mean, μ, 
represents the average trend to over- or under-predict for a given method examined in this 
study.  
 












     {3.3} 
 















           {3.4} 
 
The measure of scatter is quantified as the mean divided by the standard deviation and is 
termed the coefficient of variation (COV). The COV is determined as: 
 
COV   {3.5} 
 
Some LRFD (Load Resistance Factor Design) formulations require the use of a bias, λ, 








       {3.6} 
 
with the same definitions of standard deviation, σ and coefficient of variation, COV applied 
with values of QM/QP replacing values of QP/QM in Equations {3.4} and{3.2}. 
 
The performance of a method is evaluated by comparing the predicted value with the 
value obtained from CAPWAP signal matching analysis of PDA records at the time of 
restrike (CAPWAP[BOR]). Method performance is further investigated by filtering the data 
on the basis of pile type, soil type, and pile-soil combinations. There are four categories of 
methods from which to obtain static capacity: static methods, dynamic formulas, wave 
equation, and dynamic testing. The summary statistics for all methods examined in this 
study are presented in Tables 3-1 through 3-3  
 
Table 3-1. Static Methods (Excludes Piles Driven to Rock) 
K-IDOT (NSPT ) K-IDOT (N1)60 DRIVEN Olson ICP  
λ (QM/QP) 0.859 0.804 1.55 1.92 0.630 
μ (QP/QM) 1.45 1.56 0.879 0.855 2.63 
COV 0.492 0.506 0.604 0.802 0.812 
 
Table 3-2. Dynamic Formulas (Excludes Piles Driven to Rock) 
WSDOT UI-Gates FHWA-Gates MnDOT 
λ (QM/QP) 0.910 0.953 0.810 1.01 
μ (QP/QM) 1.17 1.15 1.31 1.06 
COV 0.252 0.308 0.251 0.275 
 
Table 3-3. Wave Equation and Dynamic Testing (Excludes Piles Driven to Rock) 
WEAP-EOD WEAP-BOR PDA-EOD PDA-BOR PDA, Jc = 0.9 CW EOD 
λ (QM/QP) 1.31 1.02 1.09 0.830 1.25 1.35 
μ (QP/QM) 0.841 1.04 0.973 1.25 0.846 0.785 































r μ and COV
-IDOT meth
any of the d
asing COV (
CP (Figures





se of this s
ct pile capac
 IDOT for p




ed in the K-
and precisio
.  Statistics








ection is to d







n of the sta













od can be f
thod using 


































PT (raw SPT 



















s driven to r




 (Long et al
























s by pile an
 
 soil type: D



























ion of the ra
nt soil type 
h)/(total emb
ed as a per

























 line for till is
icating cons


























.   
20








r to QM. Fo
 conservativ
d is uncons
y over the ra
rediction of
tages enco
end line for 
ment (Figur
st-fit line in








 effect of so
/QP = CAP
r a ratio less
e. For a rat
ervative.  




e 3-7). As s
dicates rela
sand); howe
T is, on ave




e along the 
ainst percen














 given soil ty
embedment




















































































































he office.  





en in the fie
he K-IDOT 














































es to rock a







n of Pile Len
nal compar
IDOT and W











o the way in
, which typi









ison can be 
SDOT. The
edded pile 
er LP/LM is 
 using K-IDO
P/LM for bo





 have been 




















he mean in 
ting that sit



























o 1 feet in li
th will agree
h Prediction













g that the K
ngth (see T
 larger than
 driven to ro
only soil. Al
estone. The


































Table 3-5. K-IDOT Length Prediction 
 Statistics (All Piles, Excluding Piles to Rock) 
NSPT (N1)60 
μ (LP/LM) 0.791 0.726 
COV 0.342 0.420 
n 38 38 
 
 
Table3-6. K-IDOT Length Prediction  
Statistics (Piles from Running Pile Sites) 
NSPT (N1)60 
μ (LP/LM) 0.658 0.491 
COV 0.237 0.468 
n 8 8 
 
 
Table3-7. K-IDOT Length Prediction  
Statistics (Non-Running Pile Sites) 
NSPT (N1)60 
μ (LP/LM) 0.844 0.798 
COV 0.340 0.328 
n 37 37 
 
 
To determine whether the K-IDOT method more accurately predicts pile length or 
pile capacity, the COVs in Table 3-1 for capacity prediction are compared to those in Table 
3-5 for length prediction. For the K-IDOT method using NSPT, COVs of 0.492 and 0.342 were 
determined based on capacity (QK-IDOT/QWSDOT) and embedded length (LP/LM), respectively. 
The K-IDOT method using (N1)60 has a COV of 0.506 and 0.420 for capacity prediction and 
length prediction, respectively. Therefore, in both versions of the K-IDOT method, length is 
more accurately predicted than capacity and the K-IDOT method using NSPT is the more 
precise K-IDOT version.  
Piles labeled as running piles are from sites where test piles were driven to 
significantly deeper depths than predicted. There are five sites in this category (Greenville, 
Rockford, East St. Louis Highway 15, Freeport, and Bloomington) for a total of 8 piles. All 
mean values in Tables 3-6 and 3-7 are less than unity; a decrease in magnitude of the mean 
indicates that the predicted length is a decreasing proportion of the measured length and 
therefore less accurate. As expected, piles from running sites (Table 3-6) have a lower 
mean than piles from non-running sites (Table 3-7); therefore, the K-IDOT method at sites 
with running piles shows reduced agreement.  
A more accurate length estimate is obtained for both running and non-running pile 
sites by using the NSPT version of the K-IDOT method (Figures 3-9 through 3-12). This is due 
primarily to the change of the kinematic correction factor for side resistance of non-
displacement piles driven in cohesive material being reduced to half the magnitude used in 
the (N1)60 method (thus changing the predicted capacity for h-piles but not shell piles). The 
NSPT and (N1)60 methods both include a reduction of the kinematic correction factor for side 
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normally distributed (Cornell 1969; Olson and Dennis 1983; Briaud and Tucker 1988; Long 
et al. 2009). Therefore, a simple arithmetic average of QK-IDOT/QWSDOT is insufficient to use 
directly for relating K-IDOT to WSDOT. A more accurate measure to relate K-IDOT and 











   {3.7} 
 
For the overall agreement between QK-IDOT and QWSDOT the values are: 
 
21 0.473 0.87
1.27WSDOT K IDOT K IDOT
Q Q Q 




A second method that can be used to estimate WSDOT capacity from K-IDOT 
capacity is through the partial descriptors (λ, μ, λ50) that relate WSDOT and K-IDOT capacity 
to capacity measured with static load tests. Summary statistics using predicted/measured 
capacity (QP/QM) are calculated for the WSDOT and K-IDOT methods using a lognormal 
distribution. Measured capacity, QM, is estimated using CAPWAP capacity at the beginning 
of restrike CAPWAP (BOR). The complete description of this second method to determine 
the estimated WSDOT capacity from K-IDOT capacity is described in Appendix J.  
Thus, for optimal agreement between measured and predicted capacity of driven 
piling using the K-IDOT method and the WSDOT method, the K-IDOT capacity should be 
multiplied by the factor 0.87. 
 
3.2 WAVE EQUATION 
Wave equation analysis simulates the pile driving process (hammer system and soil) 
through stress wave propagation described by one-dimensional wave mechanics. Wave 
equation analyses are conducted using the program GRL WEAP (PDI 2005). WEAP 
analysis is used to calculate static capacity by matching stroke and penetration resistance 
for EOD and BOR. (The wave equation is described in Section 2.4). 
The ability of WEAP to predict static capacity can be compared on the basis of using EOD or 
BOR results. Figures 3-13 and 3-14 compare WEAP results to CAPWAP (BOR) for EOD 
and BOR, respectively. As expected, (μ)EOD < (μ)BOR since the WEAP (EOD) results do not 
include a setup factor. WEAP (EOD) has a COV of 0.316, whereas WEAP (BOR) has a 
COV of 0.238, indicating a significant increase in precision with BOR data. Additionally, 
Figures 3-13 and 3-14 show the relative predictive ability of WEAP for different pile-soil 
combinations. In Figure 3-13, the piles that plot farthest from the line are 4 shell piles in a 
mixed soil profile. These piles plot in Figure 3-14 just below the 1:1 line, indicating that those 
piles exhibited the greatest degree of setup between EOD and BOR. The statistics for 
individual pile-soil combinations are found in Figures 3-13 and 3-14. Statistics for WEAP can 
be compared to dynamic methods (which also use field-observed stroke and penetration 
resistance) in Table 3-2. While the COV for WEAP (EOD) is greater than the COV for 
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Table 3-8. Pile Setup (Freeze) Summary Statistics (QBOR/QEOD) 
Pile Type Parameter Sand Mixed Clay All 
H-Piles 
μ 1.16 1.31 1.29 1.23 
COV 0.147 0.185 0.228 0.241 
∆tavg (days) 12.7 3.8 4.0 8.3 
n 6 4 2 12 
Shell Piles 
μ 1.36 1.38 1.52 1.40 
COV 0.266 0.286 0.250 0.266 
∆tavg (days) 13.3 9.0 55.4 19.5 
n 7 13 5 25 
All 
μ 1.27 1.36 1.45 1.34 
COV 0.223 0.253 0.237 0.241 
∆tavg (days) 13.0 7.8 40.7 15.8 
n 13 17 7 37 
 
 
The largest average setup ratio was observed for shell piles in clay (1.52); however, 
those piles also have the largest setup period, Δtavg = 55.4 days. Pile installation usually 
severely distorts the zone of soil immediately surrounding the pile and generates a 
temporary increase in pore water pressure that dissipates with time, depending on the 
permeability of the soil. Setup occurs when the soil in the zone of disturbance undergoes 
consolidation and thixotropy of potentially liquid soil as the porewater pressure is dissipated. 
Aging can also be responsible for increasing capacity with time (Terzaghi et al. 1996). 
The smallest setup ratio was observed for h-piles in sand (1.16), with Δtavg = 12.7 
days, which is longer than the overall average setup period for h-piles (8.3 days) and longer 
than either mixed (3.8 days) or clay (4.0 days) h-pile categories. H-piles in clay exhibited 
greater setup than h-piles in sand even though the average time between EOD and BOR 
was greater for h-piles in sand. Accordingly, the magnitude of setup is affected significantly 
by soil type, with fine-grained soil exhibiting a greater magnitude of setup than coarse-
grained soil. The mechanism by which setup can occur in sands is soil aging, whereby inter-
granular surface roughness reengages from the previously disturbed state caused by pile 
installation. The magnitude of setup from soil aging is significantly less than that typically 
observed due to consolidation. Therefore, as a soil profile becomes increasing more 
cohesive, the setup factor should increase (i.e., an increase in setup should be observed as 
the soil profile changes from sand to mixed to clay). This trend is observed for shell piles. 
Similarly, the behavior of h-piles approximates this trend; however, while sand has the 
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driving (EOD) methods (WEAP [EOD], PDA [EOD]) to estimate beginning of restrike (BOR) 
capacity; however, due the low number of tests, these results are not presented. Setup 
factors will be presented for EOD methods in subsequent reports as the dataset increases 
with additional testing. 
 
3.7 SUMMARY 
This chapter addresses the performance of static methods, wave equation, dynamic 
formulas, and dynamic testing. The static method with the best performance was the K-
IDOT method, which had the bias value (λ = 0.859) closest to unity and the lowest COV 
(0.492). The WSDOT method was tied for the best performance in terms of COV (WSDOT 
COV = 0.252 and FHWA-Gates COV = 0.251). The wave equation for EOD has a COV = 
0.316, which is greater than all dynamic methods analyzed. The wave equation for BOR has 
a COV = 0.238, which is lower than all of the dynamic methods analyzed; however, this 
analysis method requires a restrike. CAPWAP (BOR) capacity was used as a metric for 
comparison instead of a static load test and therefore is not included in the statistics. 
Comparing the two EOD dynamic testing methods, PDA and CAPWAP, PDA has a slightly 
lower COV (0.237 compared to 0.246). The mean value of QP/QM for PDA (EOD) is 0.973 









The purpose for developing a simplified method for estimating stresses during driving 
is to provide a simple and reasonably accurate estimation of pile stress during driving. The 
simple method can be used in a spreadsheet along with WSDOT pile driving formulas. 
When the simplified method predicts stresses near 0.85fy, it is recommended that a more 
accurate analysis be performed using the wave equation (i.e., WEAP analysis). 
The Simplified Stress Formula (SSF) is an empirically corrected version of the peak stress 
driving formula proposed by Parola (1970). Correction factors were derived by comparing 
stress formula predictions to WEAP stress predictions (over 5000 cases) for single-acting 
diesel hammers including Delmag, select ICE, and MKT manufacturers.  
Piles were driven in a homogeneous sand profile with a triangular resistance 
distribution with the proportion of side to end bearing varied. The final solution is obtained by 
calculating the corrected peak compressive strength (Equation {4.8}) which is the product of 
the peak compressive stress (Equation {4.7}) and the inverse of the correction factors. 
Simplified stress formula performance for the WEAP cases used in its derivation is 
presented in Appendix B. 
 
4.2 LIMITATIONS 
The simplified stress method was developed using a limited number of cases and 
therefore is strictly appropriate for the following conditions: 
 Blow count between 2 and 20 bpi (blows per inch) 
 Cohesionless dense sand; homogeneous soil profile 
 Triangular resistance distribution 
 H-piles section range: (HP 12 × 55 to HP 14 × 117) 
 Shell piles range: (12 × 0.179 to 14 × 0.312) 
 Pile lengths between 20 and 90 feet 
 Embedment length between 20 and 90 feet (with 10 feet of additional pile length 
above ground surface) 
 Hammer manufacturer (energy range): Delmag (22.0 to 212.5 kip-ft); ICE, 
excluding xx–s series (17.6 to 264.5 kip-ft); MKT (28 to 150 kip-ft)  
 No pile cushion 
 Hammer cushion was used according to manufacturer recommendations 
 Hammer selected using IDOT BBS Foundations and Geotechnical Unit 
recommendations based on WSDOT pile bearing equations 
 
4.3 REQUIRED INPUT 
Specific pile, hammer, and soil information needed to estimate stresses during 
driving is as follows: 
 Hammer cushion stiffness (kC) or elastic modulus and thickness(s) of hammer 
cushion material(s) (E1, E2, t1, t2) 
 Area of cushion (AC), hammer specific: obtain from hammer specification sheets 
or GRL WEAP hammer database 
 Weight of ram (WH) 
 Field observations: ram stroke (ST) and pile set (s) 
 Pile properties: cross-sectional area (AP) and embedment length (L) 
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 Resistance, proportion of total resistance in side friction: obtain from K-IDOT 
static analysis (PS) 
 
4.4 SIMPLIFIED STRESS METHOD 




S W L R OC C C C C
   {4.1} 
 
corrects the calculated peak compressive stress, σP, using empirical factors developed from 
WEAP analysis. The steps necessary to calculate σP are shown in Steps 1 through 5 and 
Equations {4.2} through {4.25}. Equation variables are defined and required input 
dimensions presented immediately following Equation {4.8}. 
 
Step 1: Calculate the hammer impedance using Equations {4.2} through {4.4}   
 
Composite modulus for two-material pile cushion: 
    
1 2
1 2 2 1
C
E E tE
E t E t
      {4.2} 
 

















      {4.4} 
 
Step 2: Calculate ram impact velocity: 
 2H TV g eff S     {4.5} 
 
Step 3: Calculate the peak force coefficient, CF (see Equations {4.15} through {4.25}) 
 
Step 4: Calculate peak force: 
 
1
1000P F H H
kipF C V I
lbs
        {4.6} 
  







   {4.7} 
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where CL and CR depend on pile type: shell or h-pile 
 
where 
EC  =  combined elastic modulus of cushion materials [ksi] 
E1  =  elastic modulus of cushion material 1 [ksi] 
E2  =  elastic modulus of cushion material 2 [ksi] 
t  =  total cushion thickness [in] 
t1  =  thickness of cushion material 1 [in] 
t2  =  thickness of cushion material 2 [in] 
kC  =  stiffness of hammer cushion [kips/in] 
AC  = area of cushion [in2], hammer specific: obtain from hammer specification sheets 
or GRL WEAP hammer database 
IH  =  hammer impedance [lb-sec/ft] 
WH  =  weight of ram [kips] 
g  =   acceleration of gravity [32.2 ft/sec2] 
VH  =  ram impact velocity [ft/sec] 
eff  =  hammer efficiency [fraction] = 0.80 (default GRL WEAP value) 
ST  = ram stroke [ft] 
FP  = peak pile force [kips] 
CF  = peak force coefficient [dimensionless] 
σp  = peak pile stress [ksi] 
Ap  = pile area [in2] 
σc  = corrected peak pile stress [ksi] 
CS  = set correction factor [dimensionless] 
CW  = ram weight correction factor [dimensionless] 
CL  = length correction factor [dimensionless] 
CR  = side resistance proportion correction factor [dimensionless] 
CO  = overall correction factor [dimensionless] = 0.9 
 
4.4.1 Correction Factors 
Correction factors and associated input parameters with dimensions are given for 
set, ram weight, pile embedment, and proportion of side resistance. 
 
2
SC 0.6281 s  - 0.0058 s + 0.6956    {4.9} 
 
2
W H P H PC  1.395 ( W A ) - 2.869 ( W A ) + 2.106    {4.10} 
 
For shell piles, determine CL and CR as follows: 
 LC  0.0046 L + 0.7265   {4.11} 
 
2
R S SC  -0.5006 P  + 0.8226 P  + 0.8105    {4.12} 
 
For h-piles, determine CL and CR as follows: 
 LC  0.0011 L + 0.8953     {4.13} 
 
2




s  =   pile set [in] 
WH  =   weight of ram [kips] 
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AP  =   pile cross-sectional area [in2] 
PS  =   proportion of total resistance in side friction [fraction] 
L  =   embedment length [ft] 
 
4.4.2 Detailed Discussion for Calculating Step 3 
The peak force hammer coefficient (CF) is obtained from the closed-form solution by 
Clough and Penzien (1975). (Note: angles are expressed in radians in Equations {4.20} 
through {4.25}). The following steps are necessary to determine the state of damping for the 
system as either under-damped, critically damped, or over-damped. 






  {4.15} 
 
where 
IP  =  pile impedance [lbs-sec/ft] 
E  =  elastic modulus of pile material [psi] 
c  =  wave speed of pile material [ft/sec] 
 
Note: if the wave speed is unknown, it can be estimated by:  
 
E gc 
  {4.16} 
 
where, 
ρ  =  density of the material [pcf] 
 
 







  {4.17} 
 




    {4.18} 
 
Defining an additional term, WD allows for the following equations to be simplified: 
 
2 1DW    {4.19} 
 






       {4.20} 
 




      {4.21} 
 
 Critically damped system (IR = 0.5, or equivalently, ξ = 1) 




 1 1exp 0.368FC e
    {4.23} 
 






       {4.24} 
 




      {4.25} 
 
 
The calculated value for CF can now be substituted into Equation {4.6}. The intensive 
properties of wave speed, modulus, and stiffness dominate the magnitude of the impedance 
ratio. Applying the material constants for steel piles and open-ended diesel hammers used 
in this study usually results in an over-damped system; therefore, Equations {4.24} and 
{4.25} are applied. 
 
4.4.3 Simplified Stress Formula Applied to Dynamic Testing Case Studies 
The final equation for corrected peak compressive stress in the SSF is valid for a 
range for penetration resistance between 2 and 20 blows per inch (bpi) encompassing the 
range observed in the dynamic testing study. ICE hammers in the series xx-s were excluded 
from the formula derivation due to their atypical behavior in WEAP. The dynamic testing 
program used two ICE hammer models, both of which belong to the xx-s series (ICE 40-s, 
and ICE 42-s) and drove 6 piles over 3 different sites. The SSF does not differentiate by 
manufacturer or hammer type. The simplified stress formula provided good results for the 
ICE series xx-s hammers (COV = 0.126) (Table 4-1) compared to all piles not driven to rock 
(COV = 0.150) (Table 5-4)). Therefore, the unique behavior of the ICE xx-s hammers in 
WEAP are not observed in the field data collected. Results for the SSF applied to the 
dynamic testing sites are presented in Figures 5-3 through 5-8 and Tables 5-1 through 5-6. 
Despite the parameters of the field sites falling outside of the cases used in the SSF 
derivation, the method provides a reasonable estimate for driving stresses. A WEAP 
analysis should be performed if predicted stresses are equal to or exceed 0.85fy. 
 
Table 4-1. Summary Statistics for  
Piles Driven with ICE Hammers* 
EOD 
WEAP Stress PDA Stress SSF 
λ 1.13 0.983 0.783 
σ 0.314 0.040 0.099 
COV 0.278 0.040 0.126 
n 6 6 6 
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Table 5-4. Driving Stresses: All Piles (Piles Driven to Rock Excluded) 
EOD BOR 
  WEAP Stress PDA Stress SSF WEAP Stress PDA Stress SSF 
λ 0.952 1.00 0.953 0.964 1.02 0.981 
σ 0.167 0.041 0.142 0.187 0.060 0.136 
COV 0.175 0.041 0.150 0.194 0.059 0.138 
n 35 35 35 35 35 35 
 
 
Table 5-5. Driving Stresses: All H-Piles (Piles Driven to Rock Excluded) 
EOD BOR 
  WEAP Stress PDA Stress SSF WEAP Stress PDA Stress SSF 
λ 0.931 1.01 0.946 0.996 1.02 0.985 
σ 0.095 0.047 0.087 0.154 0.071 0.115 
COV 0.102 0.046 0.092 0.155 0.069 0.117 
n 12 12 12 12 12 12 
 
 
Table 5-6. Driving Stresses: All Shell Piles (Piles Driven to Rock Excluded) 
EOD BOR 
  WEAP Stress PDA Stress SSF WEAP Stress PDA Stress SSF 
λ 0.964 0.999 0.957 0.948 1.01 0.979 
σ 0.198 0.038 0.167 0.200 0.055 0.148 
COV 0.206 0.038 0.174 0.212 0.054 0.151 
n 23 23 23 23 23 23 
 
 
5.1  PILES DRIVEN TO ROCK 
The rock sites were investigated to examine the IDOT driving criteria by measuring 
stresses during driving. The two rock sites exhibited low strength soil profiles above 
competent rock, which approximates a pile driven with 100% end bearing (minimum loss 
(stress attenuation) through resistance and radiation damping). The pure end bearing 
condition does not attenuate the stress wave generated by a hammer impact and therefore 
results in the large compressive stresses. These stresses are used to form an upper limit for 
stress predictions. The overburden is weaker at Piasa Creek than encountered Plymouth 
and therefore, the Piasa Creek site is preferred for examining pile stresses. A total of four 
piles were driven at Piasa Creek (two HP 12 × 53 and two HP 14 × 89). One of the HP 14 × 
89 piles was tested with a Delmag D25-32, while the other piles were tested with a Delmag 
D19-32.  
Primary considerations when driving to rock are: 
 Prevent pile overstressing 
 Penetration rate (during capacity verification with WSDOT): a penetration 
rate up to 20 blows/in is permissible, but no more than five blows should 
be allowed at this rate to prevent overstressing 
 WEAP analysis can identify a maximum stroke height to keep the 
maximum compressive stress below 0.9fy. Open-ended diesel hammers 
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have a variable stroke; however, the fuel setting can be adjusted to limit 





CHAPTER 6 SPECIAL CASES 
 
The five cases discussed in this chapter involve the application of dynamic testing to 
sites with piles driven to lengths significantly greater than the design length calculated by the 
K-IDOT method. Each case study presents the problem encountered, results of dynamic 
testing, and supporting calculations. Efforts were made to determine the reason for the 
discrepancy between K-IDOT length predictions and field-observed embedment.  
 
6.1 GREENVILLE 
Dynamic testing was conducted at the Greenville test site to help determine the 
cause of piles driving significantly longer than the design length. The soil profile at the site 
contains cohesive material in the upper 15 to 20 feet, which is underlain by hard till. The 
foundation design for Pier 1 was based on the closest boring (B-8, referred to as: design 
boring) located south of Pier 1 (Figure 6-1, small circle). All borings conducted at the site are 
located near the centerline of the bridge alignment. An additional boring was drilled at the 
Pier 1 (referred to as: new boring) after piles were observed to drive deeper than anticipated 
(Figure 6-1, large circle). The purpose of the additional boring was to assist in the 
investigation and potential foundation redesign.  
The test pile at Pier 1 (pile 13) had a final tip elevation (after retap and redrive) of 
477 feet (penetration depth, Lp = 56 feet). According to the design plans, the nominal 
required bearing is 516 kips for production piles (test pile: 567.6 kips) with an estimated 
length of 27 feet. Therefore, the test pile was driven an additional 29 feet more than the 
estimated length. According to PDA and CAPWAP results, nominal required bearing was 
not met for any of the piles tested for all tests. This includes the results after the retap 
(BOR1), start of redrive (BOR2), and at the end of redrive (EOD2). 
 
 
Figure 6-1. Design drawings: Greenville plan view. 
 
The results of all SPT borings are presented in Figures 6-2 and 6-3. Analysis 
indicates that the driven length (measured length, LM) significantly exceeding the design 
length (predicted length, LP) is primarily the result of two factors: (1) the boring selected for 
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Louis (Hwy 15) and Freeport (both shell piles) show only a small effect of using either NSPT 
or (N1)60 (Figures 6-11 and 6-12). PDA capacity profiles for East St. Louis (Hwy 15) and 
Bloomington show a very slow rate of increase in pile capacity, indicating running behavior. 
For these conditions, the contractor may choose to drive to the estimated length, wait 24 
hours, and retap the pile. If capacity is not reached, a pile section that mobilizes greater end 
bearing may be required (e.g., closed-ended shell pile).  
The Freeport K-IDOT capacity profile (Figure 6-12) shows a jump in capacity starting 
at an elevation of 732 feet in response to a very dense to dense sand layer, approximately 
10 feet thick, encountered immediately below a very loose sand in the SPT boring logs. This 
increase in capacity is not observed in the PDA data but instead registers a capacity 
decrease. From 732 feet elevation, the PDA capacity and K-IDOT capacity diverge. PDA 
capacity does increase over this interval; however, there is a delayed response by 
approximately 2.5 feet, and the magnitude of the response is less than that predicted by K-
IDOT. This delay may be the result of differences between layer elevations indicated by the 
boring and layer elevations encountered while driving. Additionally, this may be the result of 
the manner in which the soil resistance is modeled in K-IDOT. The K-IDOT method applies 
the full strength of the layer for side resistance at the layer base and at the top of the layer 
for end bearing. A more representative approach to the change in soil resistance between 
soil layers is as follows: a small incremental increase in capacity occurs immediately before 
the layer is reached (the depth of influence effected by pile diameter) and then smoothly 
increases to full capacity and then smoothly increases or decreases, depending on the 
strength of the underlying layer (Meyerhof, 1976). 
A brief description of the soil conditions encountered at the East St. Louis (Hwy 15), 
Bloomington, and Freeport sites is presented below. Detailed soil information, including SPT 
(standard penetration test), UCS (unconfined compressive strength), and general soil 
stratigraphy, is presented in Appendix D. 
The groundwater table at East St. Louis (Hwy 15) was encountered at approximately 
30 feet of depth (the groundwater table, which is shown at 5.6 feet in Appendix D, reflects 
the depth from the ground surface after excavation to the base of the footing). The borings 
(two near the pier location, a total of 9 borings in the general vicinity) showed a general 
trend of increasing strength with depth; however, there is significant variation between 
individual borings as well as variation within each boring observed by significant changes in 
SPT blow count between consecutive records, indicating relatively thin soil layers of differing 
strengths. The upper 60 feet is composed of sandy loam to fine sand underlain by 
approximately 30 feet of medium-grained sand. 
A relatively consistent profile is observed at Freeport with moderate to good 
agreement between the 14 soil borings at the site (boring B-10 was selected as 
representative and used for analysis). The soil profile at Freeport is composed of silty clay 
loam in the upper 6 to 15 feet with relatively low SPT blow counts (2 to 8). The groundwater 
table is located 10 feet below the surface. The silty clay loam deposit is underlain by 
approximately 52 feet of medium sand, which grades to sand with fine gravel to sand with 
gravel as depth increases (blow counts between 8 and 46). A strong layer of dense sand is 
recorded by multiple borings at a depth of approximately 28 feet (NSPT = 46), which 
controlled the predicted length; however, the piles did not terminate at this depth. Below the 
soil profile, several borings were terminated at refusal, which was reached in fractured 
limestone encountered between elevations 708 to 701 feet (depth ~60 feet).  
The upper 24 feet at the Bloomington test site is composed of fill placed to form the 
abutment in which the test pile was driven (the fill is assumed to have no contribution to pile 
resistance). The groundwater table was encountered at a depth of approximately 42 feet. 
The soil profile to a depth of 62 feet is composed of alternating layers of dense fine sand, 
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 Figure 6-12. Freeport, Pier 5
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PDA measurements, which below a given depth showed approximately constant capacity. 
To prevent driving of piles to depths significantly greater than the design length, the 
following driving procedure is recommended. 
Drive pile until: 
 WSDOT capacity = NRB (nominal required bearing), 
 the length corresponds to the K-IDOT capacity = factored load/ φK-IDOT 
 the embedded length reaches the predicted length.  Then, conduct a restrike 
after a minimum wait period of 24 hours: use WEAP, PDA, or CAPWAP analyses 
to assess pile capacity based on restrike behavior of the pile 
 
 Soil borings should be of sufficient length, should be in close proximity to the pile 










Load Resistance Factor Design (LRFD) is being increasingly used in geotechnical 
design and is part of standard practice in structural engineering. The primary advantage of 
using LRFD is the ability to separate the uncertainty in the loading from the uncertainty in 
the resistance. Additionally, structures using LRFD are designed for a given reliability index 
and therefore a given probability of failure. Application of LRFD in geotechnical design 
enables the foundation to be designed to the same failure probability as the superstructure; 
however the serviceability limit state in structural design will control for most structure-
foundation systems (i.e. the structural serviceability limit state will be reached before the 
serviceability limit state or failure limit state is invoked for the foundation). The conversion 
from Allowable Strength Design (ASD) to LRFD requires that geotechnical design be 
calibrated using the resistance factor to the loading condition provided from structural 
analysis using load factors. The resistance factors in this study are determined using FOSM 
(First Order Second Moment) and the correct representation for the covariance of the total 
load. Calculations were performed to compare the results obtained from FOSM (with 
corrected covariance of total load) and FORM (First Order Reliability Method) and found the 
difference negligible. The FOSM approach was applied in this study for ease of calculation 
due to FORM requiring an iterative solution process. Additional detail in the LRFD 
calculation procedure and other methods to determine the resistance factor are presented in 
Long et al. 2009. 
 
7.2 FOSM 
The FOSM method (defined in NCHRP 507; Paikowsky et al. 2004) can be used to 


























   




λR  =  bias factor (mean value of QM/QP) for resistance (input) 
COVQD  =  coefficient of variation for the dead load (0.1) 
COVQL  =  coefficient of variation for the live load (0.2) 
COVR  =  coefficient of variation for the resistance (input) 
βT  =  target reliability index, n D n L nR D L     (2.33) 
γD  =  load factor for dead loads (1.25) 
γL  =  load factor for live loads (1.75) 
QD/QL  =  ratio of dead load to live load (2.0) 
λQD  =  bias factor for dead load (1.05) 





The FOSM method show in Equation {7.1} is the typical form presented; however, Equation 
{7.1} uses the incorrect definition for the covariance of the total load, Q, as follows: 
      2 2 2COV Q COV QD COV QL   {7.2} 
 
If Equation {7.2} is applied, a conservative estimate for Equation {7.1} is obtained. 
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    
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which can be substituted into the resistance factor equation to yield: 
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The corrected FOSM approach shown in Equation {7.4} has been compared and agrees 
well with more rigorous iterative procedures (such as FORM; Long et al. 2009). Equation 
{7.4} is used to calculate the resistance factor for all methods examined in this study. 
Results are presented Tables 7-1 through 7-5.  
 
7.3 CALCULATED RESISTANCE FACTORS 
The parameter of greatest importance in relating the predictive ability of a given 
method is the COV (standard deviation normalized by the mean) which is a measure of 
precision. The accuracy of the method, λ, is of less relative importance as the method can 
be easily corrected (correcting for bias shifts the mean (predicted/measured) such that the 
mean is equal to unity). The bias (λ) and COV are calculated using lognormal distributions 
and then converted back to arithmetic; this process is more statistically rigorous than 
calculating arithmetic parameters directly. Resistance factors are presented in Tables 7-1 
through 7-5 using Equation {7.4}. 
It is a common misinterpretation to assume more accurate methods will have higher 
resistance factors. The efficiency of a method cannot be related directly to the resistance 
factor, φ, because φ is also affected by the bias of the method (whether it over- or under-
predicts capacity on the average). The ratio of the resistance factor to the bias (φ/λ) provides 






Table 7-1. Calculated Resistance Factors:  
Static Methods (Piles Driven to Rock Excluded)  
Parameter 
K-IDOT 
(NSPT) K-IDOT (N1)60 DRIVEN Olson ICP  
All Pile Types 
λ 0.859 0.804 1.55 1.92 0.630 
COV 0.492 0.506 0.604 0.802 0.812 
φ 0.33 0.30 0.47 0.38 0.12 
(φ/λ) 0.39 0.38 0.30 0.20 0.19 
n 37 37 37 37 37 
H-piles 
λ 0.997 0.840 1.27 1.21 0.676 
COV 0.355 0.439 0.702 0.594 0.624 
φ 0.54 0.37 0.31 0.37 0.19 
(φ/λ) 0.54 0.44 0.24 0.31 0.29 
n 12 12 12 12 12 
Shell Piles 
λ 0.790 0.789 1.69 2.31 0.609 
COV 0.523 0.543 0.518 0.813 0.896 
φ 0.29 0.27 0.62 0.44 0.10 
(φ/λ) 0.36 0.35 0.37 0.19 0.16 
n 25 25 25 25 25 
 
Table 7-2. Calculated Resistance Factors:  
Dynamic Methods (Piles Driven to Rock Excluded)  
Parameter WSDOT  MnDOT UI Gates FHWA Gates 
All Pile Types 
λ 0.910 1.01 0.953 0.810 
COV 0.252 0.275 0.308 0.251 
Φ 0.62 0.66 0.57 0.56 
(φ/λ) 0.68 0.65 0.60 0.69 
N 37 37 37 37 
H-piles 
λ 0.857 0.999 1.07 0.766 
COV 0.173 0.185 0.207 0.161 
φ 0.70 0.80 0.81 0.64 
(φ/λ) 0.82 0.80 0.76 0.84 
n 12 12 12 12 
Shell Piles 
λ 0.937 1.02 0.897 0.831 
COV 0.284 0.314 0.328 0.287 
φ 0.60 0.60 0.51 0.53 
(φ/λ) 0.64 0.59 0.57 0.63 





Table 7-3. Calculated Resistance Factors:  
Restrike Analysis* (Piles Driven to Rock Excluded) 
Parameter WSDOT(BOR) MnDOT (BOR) 
All Pile Types 
λ 0.701 0.824 
COV 0.283 0.265 
φ 0.45 0.55 
(φ/λ) 0.64 0.67 
n 37 37 
H-piles 
λ 0.798 0.956 
COV 0.208 0.269 
φ 0.61 0.63 
(φ/λ) 0.76 0.66 
n 12 12 
Shell Piles 
λ 0.654 0.763 
COV 0.289 0.236 
φ 0.41 0.54 
(φ/λ) 0.63 0.71 
n 25 25 
*Note: Application of BOR data to dynamic formulas is performed only to calculate  
COV and φ factors for comparison to EOD results. The capacity calculated (λ) is  
significantly less than unity (dynamic formulas using BOR data over-predict capacity)  
due to the setup factor included in the dynamic formulas, which use EOD data  
exclusively. 
 
Table 7-4. Calculated Resistance Factors: Wave  
Equation Analysis (Piles Driven to Rock Excluded) 
Parameter WEAP-EOD WEAP-BOR 
All Pile Types 
λ 1.31 1.02 
COV 0.316 0.238 
φ 0.77 0.72 
(φ/λ) 0.59 0.71 
n 37 37 
H-piles 
λ 1.04 1.04 
COV 0.163 0.250 
φ 0.87 0.72 
(φ/λ) 0.84 0.69 
n 12 12 
Shells 
λ 1.44 1.01 
COV 0.328 0.237 
φ 0.83 0.72 
(φ/λ) 0.57 0.71 




Table 7-5. Calculated Resistance Factors:  
Dynamic Testing (Piles Driven to Rock Excluded)  
Parameter PDA-EOD PDA-BOR PDA, Jc = 0.9 CW EOD 
All Pile Types 
λ 1.09 0.830 1.25 1.35 
COV 0.237 0.184 0.236 0.246 
φ 0.77 0.66 0.89 0.94 
(φ/λ) 0.71 0.80 0.71 0.69 
n 35 37 35 35 
H-piles 
λ 1.02 0.857 1.20 1.23 
COV 0.134 0.182 0.183 0.165 
φ 0.91 0.69 0.96 1.02 
(φ/λ) 0.89 0.80 0.80 0.83 
n 12 12 12 12 
Shell Piles 
λ 1.12 0.817 1.27 1.42 
COV 0.276 0.187 0.263 0.274 
φ 0.73 0.65 0.85 0.93 
(φ/λ) 0.65 0.79 0.67 0.65 
n 23 25 23 23 
 
 
Based on the analysis of tests in this program, the following values for φ were calculated as 
shown in Table 7.6. 
 
Table 7-6. Summary of Calculated Resistance Factors  
Method λ COV φ (φ/λ) 
K-IDOT (NSPT) 0.859 0.492 0.33 0.39 
WSDOT  0.910 0.252 0.62 0.68 
WEAP (EOD) 1.31 0.316 0.77 0.59 
WEAP (BOR) 1.02 0.238 0.72 0.71 
PDA (EOD) 1.09 0.237 0.77 0.71 
PDA (BOR) 0.830 0.184 0.66 0.80 
CAPWAP (EOD) 1.35 0.246 0.94 0.69 
 
 
Accordingly, the resistance factor determined for WSDOT is 0.62, while the 
resistance factor for K-IDOT is 0.33. The efficiency for WSDOT (φ/λ = 0.68) is significantly 
higher than K-IDOT (φ/λ = 0.39), which means pile capacities determined using WSDOT can 
provide the same reliability with fewer and/or shorter piles than using K-IDOT only. 
The highest efficiency for EOD conditions was PDA (EOD); however, the efficiencies 
for CAPWAP (EOD) and WSDOT were very similar. Methods based on beginning of restrike 
(BOR) exhibited greater efficiencies than methods based on EOD. 
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K-IDOT exhibited the lowest efficiency; however, all static methods investigated in 
this study exhibited similar and lower efficiencies than K-IDOT. Several factors contribute to 
this low efficiency, such as the difference between the soil profile determined from the soil 




CHAPTER 8 CONCLUSIONS 
 
Dynamic pile tests were conducted on 45 piles (37 piles, excluding piles driven to 
rock) at 19 sites throughout Illinois. H-piles and metal shell piles (closed-ended pipe piles) 
were driven using diesel hammers. The axial capacity for each pile was determined using 
several static methods and dynamic formulas in addition to WEAP, PDA, and CAPWAP. All 
piles were subjected to restrikes to assess the effect of time on capacity. Only one static 
load test was conducted. Accordingly, the capacity of the pile was taken to be the value 
determined using CAPWAP for beginning of restrike (BOR) conditions. 
The ratio of measured capacity to predicted capacity (QM/QP) or its inverse 
(QP/QM) was used as a metric for quantifying the performance of each predictive method. 
Statistical parameters used in this study are the mean, μ, which represents the average of 
QP/QM, the bias, λ, which represents the average of QM/QP, and the coefficient of variation 
(COV) which is a non-dimensional parameter representing the scatter of QM/QP and 
QP/QM. 
The parameters λ and COV are useful for assessing a method’s ability to predict 
capacity. The bias, λ, identifies whether the method, on the average, under-predicts or over-
predicts pile capacity. A method’s bias can easily be corrected since the average error is a 
constant; however, the COV is an independent measure of scatter that quantifies the 
precision of a predictive method. Accordingly, predictive methods exhibiting small scatter 
(low COV) are more precise and desirable than predictive methods exhibiting high COVs. 
The parameters λ and COV are also used to determine the resistance factor, φ, used in 
LRFD. 
 
8.1 STATIC CAPACITY METHODS 
The static methods ranked in decreasing predictive ability are K-IDOT (NSPT), K-IDOT 
(N1)60, DRIVEN, Olson, and ICP (Table 3-1). During the period of this study the K-IDOT 
method was updated to use NSPT instead of (N1)60 values. Additionally, the current K-IDOT 
method was altered by reducing the cohesive non-displacement kinematic factor, FS, from 
1.5 to 0.75. The resistance factor for current K-IDOT (NSPT) and for the previous K-IDOT 
(N1)60 are 0.33 and 0.30, respectively.  
 
8.2 DYNAMIC CAPACITY AND WAVE EQUATION METHODS 
The dynamic formula and wave equation methods ranked in decreasing predictive 
ability for EOD conditions are FHWA-Gates, WSDOT, MnDOT, UI-Gates, and WEAP (EOD) 
(Tables 3-2 and 3-3). The top two predictive methods have approximately equivalent COVs, 
(FHWA-Gates [0.251] and WSDOT [0.252]); thus, both methods are statistically equivalent 
approaches for estimating static capacity using data obtained from dynamic field 
measurements (stroke and penetration resistance). The WSDOT resistance factor, φ = 0.62 
from the dataset collected for this project.  
To improve agreement between K-IDOT predicted capacity and WSDOT capacity, a 
relationship was derived (using two different approaches to be selected, depending on the 
data available to the user) to estimate WSDOT capacity from K-IDOT capacity. The 
following relationship was obtained for capacity: K-IDOT * 0.87 = WSDOT; however, there is 
significant scatter (COV = 0.473 for QK-IDOT/QWSDOT) (Figure 3-8).  
 
8.3 DRIVING STRESSES METHODS 
The driving stress predictive methods ranked in decreasing predictive ability are SSF 
(BOR), SSF (EOD), WEAP (BOR), and WEAP(EOD). The SSF was developed from WEAP 
runs using theoretical soil profiles and not developed using data from the dynamic testing 
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study. This equation was developed using a very restrictive set of parameters (small to 
medium diesel hammers, steel piles, sand profile, blow count, and overall pile length); 
however, the method worked well for soil conditions other than sand.  
The method that provides the best estimate of stress, with respect to CAPWAP 
predicted stress, are obtained from PDA measurements.  This result is expected as PDA 
stresses are based on direct measurements of strain and acceleration; SSF and WEAP 
predict stress based on observation of stroke and penetration resistance, and assumptions 
for properties of the driving system. 
 
8.4 PILE PENETRATION —PREDICTED AND OBSERVED 
The K-IDOT method over-predicts capacity and therefore under-predicts the required 
embedment length. This trend is observed for all categories examined (running/non-running, 
all piles, and all piles without piles driven to rock) as shown in Tables 3-4 through 3-7. Piles 
denoted as driven to rock were seated to the top of competent limestone for the express 
purpose of monitoring pile stresses when driving to rock. The K-IDOT method length 
prediction for piles driven to rock is more accurate than for piles driven into soil profiles 
because of the high side and end bearing resistance values the K-IDOT method applies to 
limestone and sandstone (shale strengths are lower). This typically limits the penetration to 
1 foot in limestone, thereby producing an accurate length estimate. 
When comparing the COV values for capacity (0.492) and length prediction (0.342), the 
K-IDOT method more accurately predicts pile length than capacity (Tables 3-1 and 3-5). The 
K-IDOT method using NSPT has a slightly lower COV than the K-IDOT method using (N1)60 
for all categories (all piles, all piles without piles to rock, running piles, non-running piles), 
indicating greater precision (see Tables 3-5 through 3-7). 
 
8.5 PILE SETUP 
Pile setup was observed in 43 of 45 piles tested in this study. The two piles that did 
not experience setup, 1 h-pile and 1-shell, were driven in sand profiles and exhibited 
minimal relaxation with approximately 90% of the capacity at the end of driving retained. The 
setup period ranged from 2 days to 156 days, with an average setup period of 15.8 days. 
The largest setup ratio, CAPWAP (BOR)/CAPWAP (EOD), was observed for shell piles in 
clay (1.52); however, these piles also have the largest setup period, Δtavg = 55.4 days. The 
smallest setup ratio was observed for h-piles in sand (1.16) with an average setup period, 
Δtavg =12.7 days, which is longer than the overall average setup period for h-piles (8.3 days) 
and longer than both mixed (3.8 days) and clay (4.0 days) h-pile categories. The average 
amount of setup observed for all piles is 34%, with an average setup period of 15.8 days.  
Therefore, the dominant factor in controlling the amount of setup is soil type and not 
duration of setup. The average setup rate was calculated using logarithmic trend lines that 
indicated that sand shows the lowest average setup rate (2.1% per day), whereas mixed 
and clay soil profiles show an approximately equal average rate of setup (2.6% and 3.5% 
per day, respectively) (Table 3-8). A summary of setup (average percent capacity increase) 
which was developed from logarithmic trend lines for a setup duration of 14 days, is 
presented in Table 8-1. 
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Table 8-1. Average Percent Setup  
(for Setup Period of 14 days) 
Category Capacity Increase (%) n 
Sand 28 13 
Mixed 49 17 
Clay 48 7 
H-piles 37 12 
Shell piles 43 25 
 
  
8.6 PILES DRIVEN TO ROCK 
Dynamic testing was conducted on piles driven to rock to examine the driving 
stresses necessary to ensure the pile is seated on competent rock while making sure the 
pile is not overstressed. Therefore, the main objective is to establish driving criteria that will 
limit driving stresses below 0.9fy yet ensure the pile tip is seated on competent rock. The 
following procedures should be considered when driving to rock: (1) drive the pile with a 
minimum penetration rate of ¼ in. over five blows or equivalently a maximum blow count of 
20 blows per in. for no more than five blows. If this limit is reached, then pile driving is 
stopped independent of capacity determined by the WSDOT equation; and (2) select a 
hammer with a lower-rated energy to prevent overstressing. The selected hammer should 
achieve the required capacity (nominal required bearing, NRB) at blow counts between 10 
and 20 blows per in. as determined by the WSDOT equation. In contrast, hammers are 
selected for piles driven in soil profiles to achieve the required capacity (NRB) at blow 
counts between 1 and 10 blows per inch as determined by the WSDOT equation. 
An alternative to the above recommendations is to conduct a WEAP analysis to 
identify a maximum stroke height for which the maximum compressive stress generated will 
not exceed 0.9fy. Open-ended diesel hammers have a variable stoke (cannot be directly 
limited or controlled); however, the fuel setting can be adjusted to limit the stroke (to a range 
of stroke heights at a given fuel setting) to a height less than the maximum stroke. 
 
8.7 SPECIAL CASES 
Five of the nineteen sites (Greenville, Rockford, East St. Hwy 15, Freeport, and 
Bloomington) in the dynamic testing study experienced piles driving significantly deeper than 
the estimated design length. The observation of running piles at these sites was confirmed 
with PDA measurements, which, below a given depth, showed approximately constant 
capacity. When piles are being driven to depths significantly greater than the design length, 
the following driving procedure may be considered:  
Drive pile until: 
 WSDOT capacity = NRB (nominal required bearing), 
 the length corresponds to the K-IDOT capacity = factored load/ φK-IDOT 
 the embedded length reaches the predicted length.  Then, conduct a restrike 
after a minimum wait period of 24 hours: use WEAP, PDA, or CAPWAP analyses 
to assess pile capacity based on restrike behavior of the pile 
 
 
An issue that was observed in several cases is the need for a thorough subsurface 
investigation, particularly one in which: 
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 Borings are sufficiently long (to mitigate the potential for piles driving 
longer than the soil borings, at least one boring per site should be driven 
to refusal) 
 Borings are in close proximity to the pile driving location. 
 A representative boring is selected, or a composite design boring is used 
for design. 
 
The observation listed in the first bullet item is critical to understanding the 
phenomenon of piles running deeper than predicted by K-IDOT. Options for investigating the 
cause for low observed strength during driving will be limited if the soil types and strengths 
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A.1.3 ICP METHOD 
A.1.3.1 Development 
 The ICP Method is based on ICP Design Methods for Driven Piles in Sands and Clays 
(Jardine et al, 2005). This document is a synthesis of research done by Jardine and others, 
including Chow, Cowley, and Lehane (list not all-inclusive).  
 Jardine and his colleagues conducted five main phases of research in the development of 
the method, which consisted of the following: 
 Static axial load tests were conducted on heavily-instrumented closed-end pipe pile tests 
at Canons Park, England. The soil at the site consisted of stiff to very stiff, high plasticity 
clay. The results of the tests were published by Bond (1989) and Bond and Jardine (1990, 
1991). 
 Static axial load tests were conducted on heavily-instrumented closed-end pipe pile tests 
at Labenne (France), Cowden (England), and Bothkennar (England). The soils at these 
sites were sand, stiff till, and soft clay, respectively. The results of the tests were published 
by Lehane et al (1993), Lehane and Jardine (1994a,b,c), and Lehane et al (1994). 
 Static axial load tests were conducted on instrumented open-ended pipe piles at Pentre, 
England and Dunkirk, France. The soil at the sites consisted of clay-silts/laminated clays 
and sand, respectively. The results of the tests were published by Chow (1997) and Chow 
and Jardine (1996). 
 Static axial load tests were conducted on eight full-size open-ended pipe piles at Dunkirk 
in 1998 and 1999. The results of the tests were published by Jardine and Standing (2000). 
 Research for several smaller projects was carried out at Imperial College between 1997 
and 2003. A non-comprehensive list includes research into the effect of pile shape by 
Cowley (1998), research into the soil-pile interface friction angle, and research on different 
soil conditions by Chow (1997). 
 
A.1.3.2 THEORY 
 In the ICP Method, the total capacity of a pile, Q, is the sum of the shaft and base 
capacities. 
   Q = Qs + Qb  (A.10) 
Piles, especially those in clays, can develop larger capacities with time. This increase can 
sometimes be substantial and take place over an extended period of time. The pile capacity 
determined using the ICP Method is the expected capacity ten days after the end-of-driving. 
A.1.3.2.1 Base capacity of pipe piles in sand 
 The base capacity of a pile is determined based on soil type. If the pile bears in a sand 
layer, one set of equations is used. If the pile bears in clay, a different set of equations is used.  
 In sand, the base capacity of a closed-end pipe pile is the product of the unit end-bearing 
capacity and the area of the pile. 
 
   Qb = qbAp for closed-end pipe piles  (A.11) 
 
 The area of the pile is the area of steel at the base of the pile. The unit end-bearing 
capacity is a function of the CPT tip resistance, qc, and the diameter of the pile.  
 




Where D is the diameter of the pile and DCPT is the diameter of the CPT cone, which is 1.4 inches, 
and qc is averaged 1.5 diameters above and below the pile tip. The second term in the equation 
takes into account the effect on capacity due to pile diameter. A lower bound of qb = 0.3qc is 
recommended. This lower limit controls at a pile diameter of about three feet and greater. 
 When determining the base capacity of an open-ended pipe pile, an attempt is made to 
determine if a soil plug has formed at the tip of the pile. If both of the following equations are 
satisfied, the pile is considered to be fully plugged.  
 
  if Dinner/39.37 < 0.02(Dr - 30), and  (A.13) 
 
 if Dinner/ DCPT < 0.083qc/Pa , then the pile is plugged  (A.14) 
 
Where Dinner is the pile diameter in inches, Dr is the relative density of the sand, and Pa is 
atmospheric pressure. These criteria are based on the theory that, especially at smaller pile 
diameters, stress arching can occur, creating a soil plug. As the inner pile diameter increases, 
these criteria are less likely to be satisfied and the pile will tend to be unplugged. 
 If Equations (A.13) and (A.14) are satisfied, the pile is considered to be plugged, and it will 
develop half of the capacity that a closed-end pipe of the same diameter would develop. So, the 
base capacity becomes 
 
  Qb = 0.5*qb*Ap for plugged open-ended pipe piles  (A.15) 
 
Where qb is the same as for closed-end pipe piles [Eqn. (A.12)] and Ap is the total base area of the 
pile. If Equations (A.13) and (A.14) are not both satisfied, the pile is considered to be unplugged. 
The base capacity is then determined as 
 
  Qb = qcAs for unplugged open-ended piles  (A.16) 
 
Where As is the cross-sectional area of steel of the pile and qc is the average of the CPT tip 
resistance measured 1.5 pile diameters above and below the pile tip. This formula does not 
account for frictional resistance developed on the inside of the pipe pile, and there is no attempt to 
directly calculate this internal frictional resistance. Instead, Jardine et al. (2005) postulate that the 
unit end-bearing resistance is less than qc, and using the value of qc approximately accounts for 
the internal frictional resistance.  
A.1.3.2.2 Base capacity of pipe piles in clay 
 For piles bearing in clay, the base capacity is determined in a similar manner to those 
bearing in sand, with modifications to qc based on whether the pile is subjected to drained or 
undrained loading.  
 For a closed-end pipe pile, the base capacity is  
 
   Qb = qbAp for closed-end pipe piles  (A.17) 
 
Where qb = 0.8qc for undrained loading and qb = 1.3qc for drained loading. As with the base 
capacity in sand, qc is averaged 1.5 pile diameters above and below the pile tip.  
 For open-ended piles, a distinction is made between plugged and unplugged piles. If the 
following empirical equation is satisfied, the pile is considered plugged.   
 
   Dinner/ DCPT + 0.45qc/Pa < 36  (A.18) 
 




  Qb = qbAp for fully plugged open-ended pipe piles  (A.19) 
 
Where Ap is the total cross-sectional area at the pile base and qb = 0.4qc for undrained loading and 
qb = 0.65qc for drained loading. This is similar to plugged open-ended piles in sand in that the 
base capacity developed is half the base capacity for a closed-end pipe of the same dimensions. 
If the pipe is determined to be unplugged, then the base capacity is determined as follows 
 
  Qb = qbAs for unplugged open-ended pipe piles  (A.20) 
 
Where As is the area of steel for the pile tip and qb = qc for undrained loading and qb = 1.6qc for 
drained loading. The contribution to pile resistance from internal frictional (side) resistance is 
implicitly included in the end-bearing estimate of capacity. 
A.1.3.2.3 Shaft capacity in sand 
 The shear strength that develops along the shaft of a pile is determined using the 
Coulomb equation 
 
    = ’tan’  (A.21) 
 
Where  is the shear strength (equivalent to unit side resistance) developed, ’ is the effective 
stress acting on the pile, and ’ is the effective stress friction angle (the pile-soil interface friction 
angle). Determining the unit side resistance of the pile is a matter of determining the stress regime 
around the pile and the pile-soil interface friction angle. The following is only technically applicable 
to closed-end pipes.  
 The following does not technically apply to open-ended pipe piles for two reasons. First, 
the following discussion does not consider the development of internal frictional resistance. 
However, recall that when determining the base capacity of an open-ended pipe pile, any internal 
frictional resistance is implicitly accounted for. The other reason the following discussion does not 
strictly apply to open-ended pipe piles is the difference in displacement between open- and 
closed-end pipe piles. This can be addressed by applying a correction to the radius of an open-
ended pipe pile, which is discussed later in this section. 
 When analyzing the shaft capacity of a pile using any static method, the soil along the pile 
shaft is typically divided into layers based on soil stratigraphy. Jardine et al.’s recommendation is 
that even for relatively uniform soil profiles, the soil along the pile shaft should be divided into at 
least 15 layers. The primary reason for this is that Jardine et al. found the unit shaft capacity to be 
very dependent on the relative tip depth (to be discussed later in this section), so more accurate 
results can be determined by evaluating frictional capacity at several relative tip depths.  
 Jardine et al. recommend determining the pile-soil interface friction angle, cv, using site-
specific soil. Their recommendation is to determine cv by testing a soil sample and pile material in 
either a direct shear or ring shear test. The authors recognize this method is not always feasible 
or cost-effective. In the absence of site-specific tests, Jardine et al. recommend a correlation 
based on the mean particle size, D50 (Figure A.9). If this information is also not available, the 
observed data trend toward cv = 29, and this value is recommended.  
 The effective stress regime along the pile is considered to consist of two components: the 
local radial effective stress, rc’, and the dilatant increase in local radial effective stress during pile 
loading, rd’.  
 rd’ consists of the stress developed by displacement of individual sand grains and their 




   rd’ = 2Gr/R  (A.22) 
 
Where G is the shear modulus of the soil, r is a measure of the microscopic roughness of the 
pile, and R is the radius of the pile. 
 The shear modulus, G, of a material relates its shear stress to shear strain as follows  
 
   G = /  (A.23) 
 
G is similar to the modulus of elasticity, E, of a material, except when determining G the material 
is tested in shear, rather than pure tension or compression. G can be estimated for a soil based 
on qc and vo’ using the following empirical equation 
 
   G = qc / (A + B- C2)  (A.24) 
 
Where A = 0.0203, B = 0.00125 and C = 1.216 x 10-6,  is determined as 
 
    = qc / (Pavo’)0. 5   (A.25) 
 
Where Pa is atmospheric pressure (approximately 2117 psf). Equations (A.24) and (A.25) are 
based on the work of Chow (1997) and Baldi et al (1989) respectively. 
 r is a measure of the roughness of a pile. Once movement of a magnitude r has 
occurred, sand grains are displaced and the sand exhibits dilatant behavior. For steel piles, 
Jardine et al. specify 6.56 x 10-5 ft as a reasonable value of r. 
 rd’ is inversely proportional to the radius of the pile. As the radius of a pile decreases, 
the influence of rd’ increases. 
 The other component of effective stress on a pile is the local radial effective stress, rc’. 
The local radial effective stress is determined by 
 
   rc’ = [0.029qc(vo’/Pa)0.13] / (h/R)0.38  (A.26) 
 
The term h/R is the relative tip depth of the soil layer being analyzed. The tip depth, h, is the 
distance from the soil layer of interest to the tip of the pile (Figure A.10). The tip depth is divided 
by the pile radius, R, to normalize h with respect to different pile diameters. 
 The research that resulted in the development of the ICP Method indicated that very high 
radial stresses develop in the soil directly adjacent to the pile tip during driving. As the pile tip is 
driven further into the ground past the soil (and h increases), the high radial stresses decay 
rapidly. Jardine et al. speculate that there are several reasons for this decrease in radial stress 
with increasing relative tip depth. Two main reasons may be the effect of the cyclic loading the soil 
is subjected to during pile driving and stress arching around the pile tip.  
 The influence of h/R in Equation (A.26) is that, all other parameters being equal, a long 
pile results in a large relative tip depth and results in a lower rc’ near the ground surface than for 
a shorter, but otherwise identical pile.  
 Another important aspect of h is that it approaches zero as the pile tip is approached. As a 
result the term (h/R)0.38 approaches zero, and the value of rc’ approaches infinity (and thus, 
results in an infinite pile capacity). Based on their studies, Jardine et al. recommend a minimum 
value of h/R = 8 when computing rc’.  
 Once the effective stress regime and pile-soil friction angle have been determined, the unit 
frictional resistance of the shaft, fs, can be determined as 
 




Once fs has been determined for a given layer, the shaft capacity of the layer, Qi, can be 
determined by 
 
   Qi = fs(2r)z  (A.28) 
 
Where 2r is the perimeter of the pile and z is the thickness of the layer. Total shaft capacity, Qs, 
is then determined by summing the individual Qi’s. 
 The above discussion on the shaft capacity of a pile in sand is technically only applicable 
to closed-end pipe piles. However, the same method can be applied to open-ended pipe piles with 
only one adjustment. When determining the effective radial stress of a closed-end pipe pile at a 
given depth, the term h/R is used, where R is the radius of the pile. For an open-ended pipe pile, 
the term R* is substituted in place of R, and 
 
  R* = (Router2 – Rinner2)0. 5 for an open-ended pipe  (A.29) 
 
Where Router is the outer radius of the pile and Rinner is the inner radius of the pile. The result of this 
is that R* for an open-ended pipe pile of a given outer diameter is smaller than R for a closed-end 
pipe pile with the same outer diameter. This correction is made because Jardine et al.’s research 
indicates that rc’ reduces more rapidly with relative tip depth for an open-ended pipe pile. 
Because R* < R, the effective radial stress is reduced.  
 In summary, for an open-ended pipe pile, when calculating rc’, replace R with R*, then 
compute the shaft capacity as you would for a closed-end pipe pile. The same minimum value of 
h/R* = 8 is recommended. 
A.1.3.2.4 Shaft capacity in clay 
 There are several different methods for determining the static capacity of a pile in clay. 
One of the more common methods is the -method, such as Tomlinson (1957) proposed. In this 
method, the unit shaft resistance is based on the undrained shear strength of the clay, su. The 
undrained shear strength is multiplied by a correction factor, , which is based on su, where  
decreases with increasing su, and the unit shaft resistance, qs, is determined by 
 
   qs =  su     (A.30) 
 
Where values of  are based on empirical data. Jardine et al. argue against this method for two 
reasons. First, they argue that pile driving significantly reworks the soil next to a pile. As a result 
the shear strength of the soil is modified. They argue that because of this, the su used to 
determine an -value and a unit shaft resistance is not an accurate reflection of the soil conditions 
immediately surrounding the pile. Their other argument against an -method is that su is very 
dependent on the sampling and testing methods used. The sampling method can cause 
significant disturbance to a soil sample and reduce its undrained shear strength. Also, due to 
factors such as soil anisotropy, the su determined in a direct shear test will be different than that 
determined in a triaxial test. This makes it difficult to determine the proper value of su for 
calculating pile capacity. 
 Instead of an -method, Jardine et al. recommend a procedure similar to their procedure 
for determining the shaft capacity of a pile in sand. It is also based on the Coulomb equation 
 




Jardine et al. recommend a different set of parameters to determine the shaft capacity. Equation 
(A.31), when applied to clays becomes 
 
  fs = rf’ tanf = (Kf / Kc)rc’ tanf  (A.32) 
 
Where in the subscripts, r denotes radial, f denotes failure, and c denotes consolidated.  
 Jardine et al. recommend that the pile-soil interface friction angle be determined using ring 
shear tests. However, recognizing that this is not always practical, they present two graphs that 
correlate  with the plasticity index (PI) of a clay (Figures A.11 and A.12). Two important things 
should be noted about these graphs. Firstly, there is a significant amount of scatter in the data. 
Secondly, there is a graph for the peak and ultimate interface friction angle.  
 The appropriate graph to use depends on properties such as pile length and stiffness. A 
short rigid pile is more likely to develop a peak- along its length. However, with longer piles it is 
possible that the upper section of the pile will have reached its ultimate -value while lower 
portions of the pile are still mobilizing resistance. The potential for progressive failure in this case 
can be assessed with the use of t-z curves or a finite element analysis. However, it is possible that 
the degree of uncertainty in soil properties makes the analytical effort required for these methods 
impractical. In such cases, the most conservative approach is to assume a peak -value for f. 
 The radial effective stress after consolidation, rc’, is determined by 
 
   rc’ = Kc vo’  (A.33) 
 
Where vo’ is the original effective vertical stress and Kc is a factor that relates vertical effective 
stress to radial stress and accounts for the effects of displacements due to pile driving. Kc is 
determined by 
 
 Kc = [2.2 + 0.016(OCR) – 0.870log(St)]OCR0.42 / (h/R)0.20  (A.34) 
 
Where OCR is the overconsolidation ratio of the clay, St is the sensitivity of the clay and h/R is the 
relative tip depth. Equations (A.33) and (A.34) are based on the work of Lehane (1992) and Chow 
(1997) and were determined based on data from the ICP research program. 
 h/R is the same as for the shaft capacity in sand. A minimum value of h/R = 8 is 
recommended. Also, as before, this is only strictly applicable to closed-end pipe piles. For open-
ended pipe piles, R* (Eqn. A.29) should be used in place of R.  
 The OCR of a clay is determined by  
 
   OCR =  p’/vo’  (A.35) 
 
Where p’ is the preconsolidation pressure of a clay, which is the highest effective stress to which 
the soil has been subjected in its history. A clay can become overconsolidated through 
mechanisms such as loading due to glacial ice or fluctuations in the groundwater table. Typically, 
in an oedometer test on a clay, a graph of e vs. log-vo’ is plotted and p’ is approximately located 
at the “break point” of the curve. However, if an oedometer test is not run on the clay, OCR can be 
correlated to su/vo’ (Figure A-13).  
 The other parameter on which Kc is dependent is the clay’s sensitivity, St. Sensitivity is the 
ratio of the undisturbed undrained shear strength of a soil to the remolded undrained shear 
strength of the soil. The typical sensitivity for a glacial till is around unity. 
The final term in Equation (A.32), Kf / Kc, is a loading factor. rc’ has been determined in terms of 
drained conditions. When a pile is loaded, there can be increases in porewater pressures that 
change the effective stress regime. Jardine et al. determined that rf’ is typically equal to about 
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0.8rc’. As a result, Kf / Kc is equal to 0.8 to account for the changes in effective stresses during 
loading.  
 Once the unit shaft capacity, fs, has been determined for as many layers as is necessary 
to account for changes in effective stress, h/R, and other factors; the total shaft capacity can be 
determined. As with the shaft capacity in sand, the shaft resistance for any given soil layer, Qi, can 
be determined using Equation (A.28). The total shaft capacity is then equal to the summation of Qi 
over the length of the shaft. 
 
A.1.3.3 Capacity of H-Piles 
 So far, the procedure for determining both shaft and base capacities of open- and closed- 
end piles in sand and clay has been discussed. However, it is also common to use H-Piles for 
deep foundations. To apply the ICP Method, empirical corrections for pile geometry are applied. 
These corrections are based on the work of Cowley (1998). Cowley assembled a small database 
of 16 reliable load tests on H-Piles in both sand and clay and focused on corrections that are as 
simple as possible and which are equally applicable to both sands and clays. 
A.1.3.3.1 Shaft capacity of H-Piles 
 Two corrections to the ICP Method are required for H-Piles. The first addresses what 
value should be used as the perimeter of the pile when determining its surface area. Cowley 
recommends that the “boxed” perimeter of the pile, 2*(Depth of Pile + Width of Pile), be used 
instead of the “unboxed” pile perimeter. 
 The second correction concerns the value of R to be used when determining the relative 
tip depth of a given layer. Cowley recommends 
 
   R* = (Ab/)0.5  (A.36) 
 
This is the equation for finding the radius of a circle, and in this case the area, Ab, is defined as  
 
   Ab = As + 2Xp(D-2T)  (A.37) 
 
This equation is after De Beer et al. (1979) and As is the cross-sectional area of steel, D is the 
depth of the pile section and T is the flange thickness. Xp is defined as 
 
 Xp = B/8  if B/2 < (D-2T) < B  (A.38) 
 
 Xp = B2 / [16(D-2T)]  if (D-2T)  B  (A.39) 
 
Where B is the flange width and D and T are as defined above. It should be noted that Equation 
(A.38) applies to all H-pile sections listed in AISC (1989). After these two corrections are applied, 
the shaft capacity is determined exactly as it would be for a pile of circular cross-section. These 
two corrections apply to piles in both sand and clay. 
A.1.3.3.2 Base Capacity of H-Piles 
 When determining the base capacity of an H-Pile, it is assumed that the unit base 
resistance, qb, is equal to the CPT tip resistance, qc. The area of the base, Ab, is as determined in 
Equation (A-37). The base capacity of the pile is then 
 
   Qb = qcAb  (A.40) 
 




A.1.3.4 Final Comments 
 In the previous sections, the ICP Method for determining the total capacity of a pile has 
been outlined. The total capacity is broken into two components, that of the base and that of the 
pile shaft. Depending on whether the soil type is sand or clay, a different set of calculations is 
applied. Many piles are driven through a soil profile that contains both sands and clays. In this 
case, the method for clays is applied to clay layers and the method for sands is applied to sand 
layers. Both methods can be used on the same pile. 
 
A.1.4 DEVELOPMENT OF THE ICP METHOD SPREADSHEET 
 When applying the ICP Method to determine the capacity of a pile, there are two issues 
which soon become apparent. The first is that the ICP Method is fairly simple, but it requires 
several calculations and is thus more suitable for spreadsheets than hand solutions. The other is 
that the method calls for the use of soil parameters that are not usually determined for routine 
geotechnical projects, typically for economic reasons.  
  The first issue can be addressed by automating the ICP Method in a spreadsheet. By 
doing this, the method requires similar amounts of inputs and application of engineering judgment 
as is required when performing an analysis with the current IDOT Static Method. The second 
issue is addressed through correlations to soil properties that are routinely measured during soil 
explorations. Some of these correlations are published in Jardine et al. (2005) with the caveat that 
capacity predictions may not be as accurate as if the property itself were measured.  
 
A.1.4.1 Input Page 
 The ICP Method Spreadsheet developed for use in this report consists of four workbooks, 
the first one being the Data Input worksheet. In this worksheet, all of the data necessary to 
compute pile capacity is entered. This includes data on the pile size and the soil stratigraphy. The 
shaft capacity, base capacity, and total capacity for the pile are also returned on this page. Gray 
cells require user input, while white cells perform calculations based on user inputs. This 
spreadsheet is similar in concept to the existing IDOT Static spreadsheet.  
 The first inputs are the pile size and length. At the top of this page is a list of the different 
pile types. If the pile is a closed-end pipe (CEP) or open-ended pipe (OEP), additional input on 
pile size is required. If the pile is an H-Pile, all of the relevant dimensions are automatically 
assigned using the Lookup Values worksheet. The other pile information input is pile length. It is 
important to note which units should be used when inputting values.  
 The other data inputs deal with information on the soil profile, with the exception of two 
cells. The first of these two cells is the average SPT N-value of the soil 1.5 diameters above and 
below the pile tip. This value is required to determine the base capacity of the pile, and is a 
separate input from the SPT N-value of the bearing layer, as the two values are not necessarily 
the same. The other value is the depth to the groundwater table. This value is required to 
determine the effective stresses in the ground. 
 The other inputs define the soil profile. The spreadsheet has space for 50 distinct soil 
layers. This is considered to be many more layers than necessary to define the soil profile. 50 
layers was chosen arbitrarily so that there should never be an issue where it is not possible to 
input enough soil layers to define the soil profile. For any given soil layer, the following three 
pieces of information must be input: 
 
 1) the thickness of the soil layer 
 2) the soil type 




There is a list of soil types to the right of the list of pile types. One of these soil types must be 
input, any other input will yield an error. If the soil type is “clay,” three additional inputs are 
required. These are the undrained shear strength, su, the clay sensitivity, and the pile-soil 
interface friction angle at failure, f. The latter two values are not determined in typical subsurface 
explorations. Based on the geology of Illinois, it has been assumed that the clays encountered are 
glacial tills. Typically, the sensitivity of a glacial till is approximately unity, and Sensitivity = 1 is 
recommended in the absence of any other information. Jardine et al. recommend determining f 
based on ring shear tests. To be conservative, it is recommended that estimates of f be based on 
the ultimate interface friction angle (Figure A-12) rather than the peak interface friction angle 
(Figure A-11). f decreases with increasing plasticity index (PI) of the clay. Often, the only 
indication of a clay’s PI is whether it is classified as high-plasticity (CH) or low-plasticity (CL) using 
the Unified Soil Classification System (USCS). Based loosely on Casagrande’s plasticity chart, a 
CH soil was considered to have a PI of 25%, while a CL soil was considered to have a PI of 15% 
for the purposes of analyses in this report.  
 The other cells in the worksheet return values based on other inputs. “Depth to Top of 
Layer” and “Depth to Bottom of Layer” are the depth to the top and bottom of a given layer, 
respectively. “N1 60” is the N-value of a layer corrected for overburden pressure. This value is 
used to estimate the unit weight of a soil based on recommendations in the FHWA Driven Pile 
Manual (FHWA, 1998) as shown in Figure A-13. If the actual unit weight of a soil is known, it can 
be input into the “Unit Weight” column. Using the actual unit weight, if it is known, would be more 
accurate, but the error associated with correlating the unit weight is relatively small. “qc” is the 
estimated CPT tip resistance of the soil layer. The ICP method uses qc to determine pile capacity. 
CPT tests are not always performed in subsurface investigations. Instead, based on N and the soil 
type, qc is determined based on a correlation published by Burland and Burbidge (1985) (Figure 
A-14). Eight load tests in this study include information on SPT and CPT tests. By performing a 
Jardine analysis based on both CPT and SPT values, it was determined that the error associated 
with using the Burland and Burbidge correlation is negligible. In the ICP Method, R* is a 
modification to the pile radius required for open-ended and H-Piles. If the pile is a closed-end pipe, 
R* = R. In the upper right of the worksheet are the calculated shaft capacity, base capacity, and 
total capacity of the pile. 
 
A.1.4.2 Lookup Values 
 This worksheet contains all the values that the spreadsheet looks up. Anytime the 
“vlookup( )” function is used in the spreadsheet, this is the sheet it refers to. The first lookup table 
is all of the dimensions for an H-Pile. Columns B through G are from the AISC manual. Xp, Ab, and 
R* are determined based on empirical correlations recommended by Jardine et al. (2005). 
 The next table is for computing the unit weight of a soil based on N1 (60). The relationships 
are based on those published in the FHWA Driven Pile Manual (Figure A-13). The unit weights 
are necessary to calculate the effective vertical stresses in any given soil layer.  
 The third table is used to calculate qc based on N and the soil type. Burland and Burbidge 
(1985) published a correlation between qc/N and D50 (Figure A-14). Information on D50 is not 
available in all subsurface investigations, but Burland and Burbidge also give a range of D50 for 
different soil types. The correlations in the table are based on those particle size ranges. The 
correlation was published in units of MPa, and the third column converts units from MPa to psf. 
There is also a column titled qc/N correction. In the early stages of developing the Jardine Method 
Spreadsheet, the possibility of error associated with this correlation was considered. In the end, it 
was decided that no correction should be applied. The option to do so remains coded into the 
spreadsheet if future studies show it would be appropriate, but the default value of 1 should be 
kept unless further evidence suggests otherwise.  
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 The final table is for calculating the relative density of a sand based on N1 (60). This is only 
necessary when determining if an open-ended pipe pile’s base is fully plugged. The correlation is 
published in the FHWA Driven Pile Manual (Figure A-14). 
 
A.1.4.3 Side Capacity Calculations 
 This worksheet determines the capacity of a pile on a foot-by-foot basis, based on the data 
from the Data Input worksheet. Jardine et al. (2005) recommend any pile should be divided into at 
least 15 discrete layers because of the h/R term used in calculating side capacity. Since the 
spreadsheet can perform a large number of computations, it was decided the easiest way to cope 
with this requirement would be to calculate capacity at every one foot interval. The worksheet is 
arbitrarily set up to determine the capacity of a pile up to 500 feet long. This is considered much 
longer than is necessary, but the large number was chosen to avoid any problems where the pile 
was longer than the spreadsheet was set up to calculate.  
A.1.4.3.1 Midlayer vo’ 
 This column calculates the effective vertical stress at the middle of each layer. This is 
based on the unit weights immediately to the left of this column as well as the groundwater table 
depth input in the Data Input worksheet.  
A.1.4.3.2  and G 
 These columns calculate the parameters necessary to determine the change in effective 
radial stress during loading.  is calculated using an empirical correlation developed by Chow 
(1997). It is a function of qc and vo’. G is the shear modulus of the soil, it is an empirical 
relationship developed by Baldi et al. (1989). G is a function of qc and .  
A.1.4.3.3 rd’ 
 The change in effective radial stress during loading is a function of  and G. The unit side 
resistance is calculated based on the Coulomb equation. rd’ is one of the components of the 
effective stress in the Coulomb equation.  
A.1.4.3.4 h/R* 
 h/R* is the effective tip depth. It is a measure of how far a given soil layer is from the tip of 
the pile, normalized with respect to the radius of the pile. It is one of the values necessary to 
calculate rc’. 
A.1.4.3.5 su, sensitivity, and f 
 These parameters are exactly as entered in the Data Input worksheet. They are 
reproduced here for ease of setting up the equations to calculate rc’.  
A.1.4.3.6 OCR 
 OCR, the overconsolidation ratio, is calculated for every clay layer. OCR is calculated 
based on a correlation with su/vo’. This correlation is calculated using an equation determined 
from Figure A-15. Near the ground surface, the low vo’ leads to a very large OCR. This was 




 Depending on whether a soil layer is a sand or clay, rc’ is calculated based on different 
parameters. If the soil is a sand, rc’ is a function of qc, vo’, and h/R*. If the soil is a clay, rc’ is a 
function of OCR, Sensitivity, h/R*, and vo’.  
A.1.4.3.8 fs 
 As stated, fs is based on the Coulomb equation. After rc’ and rd’ have been determined, 
along with the pile-soil interface friction angle, fs is calculated.  
A.1.4.3.9 Cumulative Q 
 Based on fs and the surface area of the pile, Q is calculated for each layer. This column 
shows the cumulative capacity developed along the pile’s length.  
 
A.1.4.4 Tip Capacity Calculations 
 This final worksheet calculates the base capacity of the pile. The first six rows in the first 
column are copied directly from the Data Input worksheet. qb is the unit base resistance of the 
pile. In cohesive soils it is a certain percent of qc, depending on whether the loading is drained or 
undrained. The assumption of undrained loading gives the more conservative value, and it has 
been assumed in this spreadsheet. For a cohesionless soil, qb is a function of qc, and a scale 
effect based on pile diameter is also incorporated. As pile diameter increases, qb is a smaller and 
smaller fraction of qc. Cohesive base area is calculated for ease of setting up the base capacity 
equation, the normal formula for area is used. 
 On the right side of the worksheet, the criteria for an open-ended pipe pile being plugged 
or unplugged at its base are included. The criteria are slightly different depending on whether the 
bearing layer is cohesive or cohesionless. Note that for a cohesionless open-ended pile, both 
criteria must be satisfied for the pile to be considered plugged. Whether a pile is plugged or 
unplugged affects both qb and the base area.  
 Once qb and the proper base area have been determined, the bottom cell calculates the 
base capacity of the pile.  
 
A.1.4.5 Final Comments 
 Although the ICP Method can be tedious in the number of calculations it requires, the 
process can be greatly simplified by using a spreadsheet. Using the ICP Method Spreadsheet, 
approximately the same amount of effort is required as for the IDOT Method. To determine a pile’s 
capacity, input is only required in the Data Input worksheet. The pile capacity is also output in the 
Data Input worksheet. Extra commentary has been provided for the other worksheets to provide 























B. DERIVATION OF SIMPLIFIED STRESS FORMULA 
 
As previously mentioned, three different hammer manufacturers were analyzed in this 
study, Delmag, ICE and MKT. Eight different piles were investigated, 4 metal shells and 4 H 
piles. A series of WEAP analysis were performed for each pile using different hammers form 
each manufacturer, bearing capacities, pile lengths and percentages of side resistance. The 
summary of runs is presented on the following table. 
 
Table B-1 WEAP Trials 
Pile 
Delmag ICE MKT 
Hammer Length Side Hammer Length Side Hammer Length Side 
MS 12x0.179 30 150 180 30 40 60 30 40 60 
MS 12x0.25 70 150 220 30 40 60 40 40 60 
MS 14x0.25 30 120 190 30 40 60 30 40 60 
MS 14x0.312 50 200 240 20 40 60 30 40 60 
H 12x53 50 150 240 40 40 60 20 40 60 
H 12x74 20 80 120 40 40 60 40 40 60 
H 14x89 40 150 210 30 40 60 30 40 60 
H 14x117 20 80 120 40 40 60 20 40 60 




From the previous table we can observe that there are more than five thousand 
individual values of stress determined by WEAP; these values will be compared with the values 
obtained by the simplified method. The results will be presented in the form of graphs. 
Only values of final blow count that are between 2 and 20 BPI will be included in the graphs. In 
addition, the ‘xx-s’ series of the ICE hammers were excluded due to account in this study, the 
issue will be discussed in detail later. 
Note that an overall correction factor CO = 1 is used in the development of the simplified 
stress method.  Therefore, all figures and formulas in Appendix B CO = 1 is applied; however, in 
Chapter 5 of the main report an overall correction CO = 0.9 is applied to correct for bias in the 
method when applied to the dynamic testing case studies.  The overall correction factor is 
applied to the final equation:  
 pc
S W L R OC C C C C
   {B.1} 
 
The simplified stress formula was developed using a uniform homogeneous sand profile which 
provides the lowest damping (stress wave attenuation) and therefore calculates stresses of 
greater magnitude than those observed in a mixed or clay soil profile.  Due to this observation 
and other contributing factors the application of an overall correction factor, CO = 0.9 is 
reasonable.  Summary charts for simplifies stress formula performance are presented in Figure 







Figure B-1:  Simplified Stress Formula Performance:  HP 12x53 
 
 






Figure B-3:  Simplified Stress Formula Performance:  HP 14x89 
 
 




Figure B-5:  Simplified Stress Formula Performance:  Shell 12x0.179 
 
 




Figure B-7:  Simplified Stress Formula Performance:  Shell 14x0.25 
 
 







The simplified stress formula applies correction factors accounting for differences between 
WEAP calculated and formula results.  The derivation of the factors: 
 
CS = set correction factor [dimensionless] 
CW = ram weight correction factor [dimensionless] 
CL = length correction factor [dimensionless] 
CR =  side resistance proportion correction factor [dimensionless] 
 
are shown in Figure B-9 to Figure B-14 from which the following corrections are based: 
 
Pile type independent: 
 2SC 0.6281 s  - 0.0058 s + 0.6956    {B.2} 
 2W H P H PC  1.395 ( W A ) - 2.869 ( W A ) + 2.106    {B.3} 
 
For shell piles: 
 LC  0.0046 L + 0.7265   {B.4} 
 2R S SC  -0.5006 P  + 0.8226 P  + 0.8105    {B.5} 
 
 For H-piles: 
 LC  0.0011 L + 0.8953   {B.6}  
 2R S SC  -0.9767 P  + 1.233 P  + 0.7044    {B.7} 
where, 
s =   pile set [in] 
WH =   weight of ram [kips] 
AP =   pile cross-sectional area [in2] 
PS =   proportion of total resistance in side friction [fraction] 
L =   embedment length [ft] 




Figure B-9:  Set Correction Factor 
 
 









































Figure B-11:  Length Correction:  Shell Piles 
 
 











































Figure B-13:  Side Correction: Shell Piles 
 
 













































ICE Hammer ‘xx-s’ Series Discussion 
 
For the conditions in which the study was developed, the ‘xx-s’ series of ICE hammers behaved 
in an erratically and were excluded in the derivation of the simplified stress formula.  Application 
of the simplified stress formula to stress data collected by dynamic testing of ‘xx-s’ hammer in 
this study are in good agreement.  The discrepancy may be explained by the pressure vs. time 
plots which for the ‘xx-s’ series are substantially different from all other hammer tested including 
other hammer models made by ICE.  
 
ICE 42-S  
Capacity of 190 kips on a 70 feet 12x0.25 metal shell pile. 
Ram Weight: 4.09 kips 
Stroke: 7.5 feet 
 
Table B-2:  ICE 42-s WEAP Results 
 
 
Figure B-15: Pressure Response:  ICE 42-s Hammer  
B-11 
 
ICE I-19  
Capacity of 190 kips on a 70 feet 12x0.25 metal shell pile. 
Ram Weight: 4.015 kips 
Stroke: 7.5 feet 
 
Table B-3:  ICE I-19 WEAP Results 
 
 








From theses plots the following can be observed: despite both hammers having the same 
stroke, approximate ram weight, and the same hammer cushion different results are 
produced.  Two hammers with the same stroke, ram weight, and cushion acting on an 
identical pile with the same soil properties should produce similar a similar maximum 
compressive stress. This also applies to the energy imparted on the pile, but as we can see 














C REFERENCE FIGURES AND TABLES APPLIED IN STATIC METHODS 
 
C.1 Olson’s Method Reference Figures and Tables 
This section contains figures used in Olson’s method and referenced in section 2.2.4 of 
the main report in which the steps and calculations in Olson’s method are enumerated. 
 
Table C-1  Granular Soil Parameters Applied In Olson’s Method 
Soil Type Range in N Values  (deg) flim (kPa) Nq qlim (MPa) 
Gravel 0-4 20 70 12 3 
5-10 25 85 20 5 
11-30 30 100 40 10 
Over 30 35 120 60 12.5 
Sand/gravel 0-4 20 70 12 3 
5-10 25 85 20 5 
11-30 30 100 40 10 
Over 30 35 120 60 12.5 
Sand 0-4 20 50 50 2 
5-10 30 55 120 6 
11-30 35 95 120 9.5 
31-50 40 130 120 9.5 
51-100 40 165 130 10 
Over 100 40 190 220 26.5 
Sand/silt 0-4 10 50 10 0.5 
5-10 10 50 20 2 
11-30 15 70 50 5.5 
31-50 20 100 100 8 
51-100 30 100 100 10 
Over 100 34 100 100 10 
Silt 0-4 10 50 10 2 
5-10 15 50 10 2 
11-30 20 70 10 2 
31-50 20 70 12 3 






















C.2 DRIVEN Reference Figures and Tables 
This section contains figures used in DRIVEN analysis and referenced in section 2.2.4 of the 
main report in which the steps and calculations in DRIVEN are enumerated. 
 












Figure C-4  Design Curves for determining K (Driven Manual) 
 
*Note that this applies only to soil where  = 30°, other charts are available for different values of 
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EOB =  90.35 LP = 90.3
Key: Soil Types Key Rock Types Key:
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I. Statistics Calculation Procedure
I‐2 
 
Appendix I: Procedure For Determining Statistical Parameters (μ, and 
COV) 
 
Important dataset properties: 
1. With typical data of QP/QM or QM/QP, the distribution of data are closer to lognormal 
than arithmetic 
2. Theoretically, COV determined from QP/QM and QM/QP should be equivalent; however, 
this is rarely the case for finite datasets.  
3. Accordingly, μln and σln were determined for all datasets of QP/QM.  The arithmetic 
mean, standard deviation, and COV were determined from converting lognormal 
parameters to their arithmetic equivalent. 
4. Therefore the following formulas were applied: 
 











   {I.1} 
 










       {I.2} 
 
 
where QP = predicted value (capacity or stress) and QM = measured value (capacity or stress) 
for the method being analyzed for each pile (n = number of piles). 
 
Lognormal standard deviation, σ is defined as:  











     {I.3} 
 














           {I.4} 
 
applying the mean as defined in Equation {I.2}. 
 






    {I.5} 
 
The lognormal standard deviation is converted to the arithmetic standard deviations by: 
  2ln2 1e    {I.6} 
 




Then the coefficent of variation, COV is calculated with arithmetic parameters as follows: 












Appendix J: Alternative Method to Calculate WSDOT Capacity from K-
IDOT Capacity for Enhanced Agreement 
 
A second method which can be used to estimate WSDOT capacity from K-IDOT 
capacity is through the partial descriptors (λ, μ, λ50) of WSDOT and K-IDOT capacity 
distributions.  Summary statistics using predicted/measured capacity (QP/QM) are calculated for 
the WSDOT and K-IDOT methods using a lognormal distribution.  Measured capacity, QM is 
estimated using CAPWAP capacity at the beginning of restrike CAPWAP(BOR) or static load 
tests.  Before describing the method it is first necessary to review some fundamental statistics 
used in the method.   
The performance of a method is quantified using a ratio of QP/QM.  The distribution type 
for this ratio has been shown by researchers (Cornell 1969), Olson and Dennis (1983), Briaud 
and Tucker (1988) to be lognormal.  Therefore, lognormal parameters are determined for mean 
(μln) and standard deviation (σln).  The lognormal parameters are converted back to arithmetic 
since many users are more familiar with this form.  
 






    {J.1} 
 











      {J.2} 
 
and is a metric to determine if the method is under or over predicting with respect to the 
measured capacity and is therefore presented on the summary figures; however, for some 



















      {J.4} 
 
and is calculated using a lognormal distribution of a single random variable.  The only difference 
between Equation {J.4} and Equation {J.2} is the use of QM/QP instead of QP/QM. 
The mean (μ) is only equivalent to the inverse of the bias (λ) if the distribution is a 
normal distribution. The methods analyzed in this study follow a lognormal distribution; therefore 
 
1   {J.5} 
  
and μ and λ must be calculated separately.   
 The median is a more representative descriptor than the mean when relating two 
variables with skewed distributions (i.e. the mean is not equal to the median).  By definition, in a 
lognormal distribution: 














   





Correcting for the bias of a given method enables an estimated CAPWAP(BOR) capacity to be 
calculated from that method.  As both WSDOT and K-DIOT methods can be corrected to make 
an estimate of CAPWAP(BOR) a relationship can be established to relate K-IDOT capacity to 
WSDOT capacity.   














     
 {J.9} 
 
where, Qstatic = K-IDOT and Qdynamic = WSDOT.  Using the statistics found in Table 3-1 and Table 
3.2 the following relationship was developed: 
  0.770 0.87
0.882WSDOT K IDOT K IDOT
Q Q Q 
      {J.10} 
    
Calculating the relationship between WSDOT and K-IDOT using the median is preferred over 
using the mean obtained from Figure 3-8 because the median, λ50 is more representative of the 
skewed capacity distributions.  The correction factor applied to K-IDOT method to estimate 
WSDOT capacity obtained by both methods is 0.87. 
 The reasons why the median is a better descriptor than the mean can be summarized as 
follows: 
1. The statistics calculated are arithmetic; however the distribution type of K-IDOT and 
WSDOT capacity are actually log-normal. 
2. In a log-normal distribution by definition the median is less than the mean (see {J.6}) 
whereas in a normal distribution the median = mean 
 
Therefore, if we are looking for a method to relate QSTATIC to QDYNAMIC then the median will be 







    











calculated immediately above. 
 
Method 1 is the median of the capacity ratio (QK-IDOT/QWSDOT) for each pile whereas Method 2 is 
the ratio of the medians of each method.  Simply stated, Method 1 is the median of the ratio 
whereas Method 2 is the ratio of the medians.  The results of Method 1 and Method 2 should 




 Method 1 is advantageous for instances where static load test results are unavailable 
and Qstatic/Qdynamic data are available on a per pile basis.  The advantage of Method 2 is that the 
median of Qstatic/Qdynamic can be determined if static load test results have been correlated with 
dynamic test results and separately with static predictive methods, without the need for direct 
comparison of Qstatic/Qdynamic. 
 Thus, for optimal agreement between measured and predicted capacity of driven piling 
using the K-IDOT method and the WSDOT method, the K-IDOT capacity should be multiplied 
by the factor 0.87. 
 

